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ABSTRACT
Frequently, the Sun explosively releases bubbles of magnetized plasma known as
coronal mass ejections (CMEs), which can produce adverse space weather effects at
Earth. Accurate space weather forecasting requires knowledge of the trajectory of
CMEs. Decades of observations show that CMEs can deflect from a purely radial
trajectory, however, no consensus exists as to the cause of these deflections. We
developed a model for CME deflection and rotation from magnetic forces, called
Forecasting a CME’s Altered Trajectory (ForeCAT). ForeCAT has been designed to
run fast enough for large parameter phase space studies, and potentially real-time
predictions.
ForeCAT reproduces the general trends seen in observed CME deflections. In
particular, CMEs deflect toward regions of minimum magnetic energy - frequently the
Heliospheric Current Sheet (HCS) on global scales. The background magnetic forces
decrease rapidly with distance and quickly become negligible. Most deflections and
rotations can be well-described by assuming constant angular momentum beyond 10
Rs.
ForeCAT also reproduces individual observed CME deflections - the 2008 De-
cember 12, 2008 April 08, and 2010 July 12 CMEs. By determining the reduced
v
chi-squared best fit between the ForeCAT results and the observations we constrain
parameters related to the CME and the background solar wind. Additionally, we
constrain whether different models for the low corona magnetic backgrounds can
produce the observed CME deflection.
We explore the space weather of cool M dwarfs (dMs) with surface magnetic
field strengths of order kG. dMs have extreme CMEs and flares and close-in habit-
able zones. We use ForeCAT to explore the deflections corresponding to the range
of plausible CME masses and speeds for the dM V374 Peg. The deflection of the
dM CMEs exceeds their solar counterparts, and the strong magnetic gradients sur-
rounding the dM’s Astrospheric Current Sheet (ACS, analogous to the Sun’s HCS)
can trap the CMEs that reach it. Exoplanets which orbit in the plane of the ACS
will suffer CME impacts 10 times more often than exoplanets with inclined orbits
and are therefore less likely to retain an atmosphere than exoplanets with inclined
orbits.
vi
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1Chapter 1
Introduction
In the September of 1971, NASA launched the seventh Orbiting Solar Obser-
vatory (OSO 7), which carried the first space borne coronagraph. On 14 December
1971, consecutive images contained a bright region propagating out from the Sun at
a velocity of 1000 km s−1. This observation lead to Tousey (1973) publishing the
first detection of a coronal mass ejection (CME), a huge explosion of plasma and
magnetic field that erupts from Sun’s surface. Since the first detection, continued
observations of CMEs have shown that CMEs can have negative effects when they
impact Earth, indicating the importance of understanding their propagation away
from the Sun.
Observations show that after a CME erupts it can deflect from its initial radial
trajectory. This thesis presents the development of a model, Forecasting a CME’s
Altered Trajectory (ForeCAT), of CME deflections and analysis of the model results.
In addition to global trends in CME deflection, such as the behavior over the solar
cycle, or variations with CME parameters, this thesis includes comparison of results
for specific observed CMEs. Finally, we explore the CME deflections around M
dwarfs (dMs), in particular V374 Peg, where it may have implications for exoplanet
habitability.
21.1 CMEs
Before describing the deflections of CMEs, it is important to understand the
basic properties of CMEs. This section first describes how CMEs are observed, then
describes the general properties of CMEs, as well as several theoretical models for
CME flux ropes and their initiation and evolution.
1.1.1 Observations and Simple Models of CMEs
CMEs can be observed either remotely using coronagraphs or heliospheric im-
agers or in situ if its trajectory causes it to impact a spacecraft. Remote observa-
tions tend to reveal information about the formation of CMEs and their propaga-
tion through the corona, whereas in situ observations elucidate information about a
CME’s structure and composition at farther distances, typically near 1 AU. Histori-
cally, an ejecta viewed remotely is referred to as CME, but when observed in situ it
is referred to as an interplanetary CME (ICME, Zurbuchen & Richardson (2006)).
While, in general, there is much to learn from the in situ observations of ICMEs, this
thesis focuses on remote observations of CMEs.
Following the initial detection of Tousey (1973), OSO-7 and Skylab observed
over a hundred additional CMEs in a period of only a few years (Howard, 2006).
Coronagraph observations continued over the following decades with P78-1 (Solwind
coronagraph), Solar Maximum Mission (SMM), Solar and Heliospheric Observatory
(SOHO), and the Solar Terrestrial Relations Observatory (STEREO). These space-
craft have led to thousands of detected CMEs allowing for better understanding of
their general properties.
Coronagraphs produce white light images by measuring the emission due to
Thomson scattering off of coronal electrons. The bright solar disk is obscured to
increase the contrast of features in the comparatively dim solar corona. Figure 1.1
3shows a white-light coronagraph image from 12 December 2008 from the COR2
coronagraph, which is part of the Sun Earth Connection Coronal and Heliospheric
Investigation (SECCHI) suite onboard the Solar Terrestrial Relations Observatory
Behind (STEREO-B) spacecraft. This coronagraph shows the solar corona between
2 and 15 R¯. In Fig. 1.1 the white circle inside the dark central region of the image
represents the size of the solar disk.
Fig. 1.1: Coronagraph image of the 2008 December 12 CME from STEREO-
B/SECCHI COR2.
A CME that erupted on 12 December 2008 can be seen as the extended bright
region on the right side of Fig. 1.1. Often in coronagraph images, including Fig.
41.1, CMEs have a well-defined three-part structure that consists of a bright leading
edge, a dark cavity, and a bright core (Illing & Hundhausen, 1985). The bright front
corresponds to solar wind material swept-up and compressed by the rapidly prop-
agating CME. The central bright core, which can exhibit great complexity, corre-
sponds to a solar prominence or filament entrained in the CME. One interpretation
suggests that the dark cavity corresponds to a flux rope (e.g. Low (1994, 2001)).
Howard & DeForest (2012) follow the 12 December 2008 CME from its coronal ori-
gins out to in situ measurement and determine that, for this CME, the dark cavity
and bright front do correspond to a flux rope and a pile-up of solar wind material.
We discuss flux ropes and their association with CMEs in Section 1.1.3.
While decades of coronagraph measurements yielded bountiful information on
CMEs, much of the three-dimensional (3D) structure of CMEs remained uncertain.
Coronagraphs integrate the total emission along the line of sight, which compresses
the longitudinal direction into a two-dimensional plane-of-the-sky image. While some
longitudinal information (such as position, and to a lesser extent width) can be de-
termined by approximating the longitudinal compression of some 3D CME shape and
fitting the result to the observations, this technique tends to yield large uncertainties
(Thernisien et al., 2006).
The “ice-cream cone” or simply cone model is one of the models most frequently
used to fit observations of CMEs, including all the CMEs in the LASCO catalog
(Yashiro et al., 2004). The model, first presented in Howard et al. (1982), assumes
the CME can be described using a sphere, representing the CME front, with a cone
extending from the back of the sphere to the Sun. Fitting this model to the obser-
vations determines values for its three free parameters - the radial distance of the
CME, the angular width of the CME, and the position angle of the CME. Fitting
the model to a time series of coronagraph images yields the velocity and acceleration
5of the CME as determined as the first and second derivative of the radial position.
The expansion can be determined via the change in the fitted angular width.
Many observed CMEs cannot be accurately fit using the simplification of a
perfectly spherical CME front. This led to the development of the elliptical cone
model (Cremades & Bothmer, 2005; Zhao, 2005). In this model, the radial width
and width perpendicular to the plane of the sky can differ from the plane-of-the-sky
width, which corresponds to the angular width. While this improvement allows for
better fits to certain CMEs, the increase in the number of free parameters leads to
solutions that are often not unique.
Thernisien et al. (2006, 2009) developed the graduated cylindrical shell (GCS)
model that enables a croissant or flux rope-like shape to be fit to coronagraph images.
This model describes a curved cylinder with the ends pinched together at the surface
of the Sun. The GCS model has maximum cross-sectional area at the CME nose
and smaller cross-sections at the footpoints near the surface of the Sun. The GCS
model shape is determined by the CME height, the separation of the footpoints,
and an aspect ratio describing the change in the cross-sectional radius with height
above the solar surface. The position of the GCS model is described by the latitude,
longitude, and tilt of the CME, typically measure counter-clockwise with respect
to the solar equator. Additional parameters describing the CME density must be
incorporated to compare a synthetic white-light image with observations instead of
merely a wireframe representation of the shape.
The GCS model has been successfully fit to many observations (e.g. Mo¨stl et al.
(2009); Lynch et al. (2010); Mierla et al. (2010); Gui et al. (2011)) and the results
can be compared with in situ observations at 1 AU (Liu et al., 2010c). Typically a
static tilt angle is assumed. The GCS model, however, can also be used to determine
the rotation of a CME (Vourlidas et al., 2011a; Nieves-Chinchilla et al., 2012).
6Various stereoscopic techniques can be used to reconstruct a 3D CME from two
plane-of-sky images (Thernisien et al., 2009; Wood & Howard, 2009; Wood et al.,
2009; Byrne et al., 2010; Lugaz et al., 2010; Orlando et al., 2011; Feng et al., 2012).
Launched in 2006 with slightly different orbital radii, the STEREO Ahead and Be-
hind spacecraft have been drifting away from the Earth at a rate of 22.5◦ per year.
The separation of the spacecraft causes their coronagraph views to differ over time.
Figure 1.2 shows the technique used in Byrne et al. (2010) to reconstruct the 12
December 2008 CME using the STEREO spacecraft. Fig. 1.2(a) shows how an el-
liptical cross section can be determined using the two different viewing angles, and
Fig. 1.2(b) shows the full CME front determined by stacking the reconstructions of
many cross sections. Finally, Fig. 1.2(c) shows the evolution of the CME front as it
propagates away from the Sun.
Fig. 1.2: Reconstruction of a coronal mass ejection using the two different view-
points of the STEREO Ahead and Behind spacecraft. See text for more details.
[Byrne et al. (2010)]
71.1.2 CME Properties
Decades of coronagraph observations have yielded extensive CME cata-
logues, which can be used to determine the statistical properties of CMEs.
Gopalswamy et al. (2009b) analyzed over 11,000 SOHO Large Angle and Spectro-
metric Coronagraph (LASCO) observations of CMEs that occurred before the end
of 2006. The Carrington Rotation (CR, 27.3 days) averaged daily CME rate varied
between 0.5 and 6 CMEs per day between solar minimum and solar maximum, al-
though as many as 10 CMEs per day can occur during the presence of extreme active
regions. Gopalswamy et al. (2009b) find velocities ranging from less than 100 km s−1
to 1500 km s−1 , an average velocity of 475 km s−1 , and an average CME angular
width of 44.◦
Since the white-light emission depends on the integrated line-of-sight electron
density, the CME mass can be estimated from the image intensity, although this tech-
nique can underestimate CME mass by as much as 50% (Colaninno & Vourlidas,
2009; Vourlidas et al., 2000, 2010). Manchester et al. (2008) compare an observed
CME with synthetic white-light observations of a modeled CME and find the obser-
vations underestimate the CME mass by 30%. Vourlidas et al. (2010) analyze 7,668
LASCO CMEs for which the mass can reliably be determined and find typical CME
masses between 1012 g and 1016 g. Vourlidas et al. (2010) fit the distribution with a
Gaussian with a geometric mean of 1.55x1015 g. These CMEs have kinetic energies
between 1026 ergs and 1032 ergs with a mean value of 1.96x1030 ergs.
CME Propagation
The general behavior of the radial propagation of CMEs has also been deter-
mined from coronagraph observations. Zhang et al. (2001, 2004) and Zhang & Dere
(2006) describe a typical CME’s propagation as consisting of three phases, which
8coincide with the impulsive and gradual phases found in X-ray flare observations.
The initiation phase occurs first as the CME slowly rises, typically at a velocity less
than 80 km s−1 , until the CME lifts off due to some instability or reconnection
and begins rapidly accelerating away. The transition to the acceleration phase of-
ten correlates with the onset of flare activity, the beginning of the impulsive phase.
Both the initiation and acceleration phases occur while the CME is within a few
solar radii of the Sun (Zhang & Dere, 2006). The final phase is the propagation
phase where, compared to the acceleration phase, relatively little CME acceleration
occurs. In a statistical study of 50 CMEs, Zhang & Dere (2006) found average main
accelerations of 330.9 m s−2, whereas the average residual acceleration during the
propagation phase was only 0.9 m s−1.
Vrsˇnak et al. (2007) and Bein et al. (2011) identify the Lorentz force as the driv-
ing mechanism behind the impulsive radial acceleration, explaining why this phase
occurs so close to the Sun’s surface. The observational studies of both Bein et al.
(2011) and Joshi & Srivastava (2011) show that the maximum acceleration occurs
below 2 R¯ .
Although the acceleration phase contains the most rapid acceleration, CMEs,
such as those presented in Vourlidas et al. (2010), can continue to accelerate at far-
ther distances during the propagation phase. Cheng et al. (2010) refer to this ac-
celeration as post-impulsive-phase acceleration. The Cheng et al. (2010) study of
several hundred CMEs results in a mean post-impulsive-phase acceleration equal to
-11.9 m s−1 with individual values ranging between -150 m s−1 and 180 m s−1. The
data from Zhang & Dere (2006) cover a similar range of post-impulsive-phase accel-
erations as the data from Cheng et al. (2010), however the two means differ as a
result of using different subsets of CMEs from the LASCO catalog. The positive and
negative post-impulsive-phase accelerations imply that CMEs can either accelerate
9or decelerate in the third propagation phase, which may result from the drag force
due to the CME’s interaction with the solar wind.
CME Expansion
As described in section 1.1.3, observers frequently fit an “ice-cream cone” shape
to white-light coronagraph images of CMEs (Fisher & Munro, 1984; Xie et al., 2004;
Xue et al., 2005; Wang et al., 2006). This model is fit to the bright, dense, piled-up
solar wind in front of the dark, tenuous flux rope. Within coronagraph images, the
CMEs generally appear to move with a fixed angular width and can be well-described
by a cone. This behavior, a CME expanding proportionally with height producing a
constant angular width, is known as self-similar expansion. Observations show that
self-similar expansion commonly occurs above 5 R¯ (Chen, 1996; Chen et al., 1997;
Wood et al., 2009; Mierla et al., 2011). Low (1982, 1984) and Chen (1996) show
that self-similar expansion can be derived from a magnetohydrodynamic (MHD)
description of CME expansion.
Observations of CME expansion in the low corona suggest that CMEs
may form from small-scale features that rapidly overexpand (faster than self-
similar) into “CME-scale” features (Chen et al., 2000; Cremades & Bothmer, 2004;
Patsourakos et al., 2010a,b). However, this phase of rapid overexpansion may con-
clude at distances much closer than 5 R¯ as self-similar expansion is also observed
in the low corona (Thernisien et al., 2006; Wood et al., 2009), occasionally as close
as 1.1 R¯ (Aschwanden, 2009). We note that the term overexpansion has previously
been used by Gosling et al. (1994) to refer to CMEs expanding fast enough to drive
a forward-reverse shock pair. In this work we use the term overexpansion exclusively
to mean expansion faster than self-similar.
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1.1.3 Models of CME Flux Ropes and Their Evolution
CMEs are thought to contain flux ropes, a toroidal structure comprised of helical
magnetic field (Chen, 1996). This theory has been supported by in situ observations
near 1 AU of “magnetic clouds” with an enhanced, smoothly rotating magnetic field
(Burlaga et al., 1981; Lepping et al., 1990) and more recent observations of flux-rope
like structures in the low corona (Dere et al., 1999; Zhang et al., 2012). It is of open
debate whether all CMEs contain flux ropes (Zhang et al., 2013) and for those that
do, where that flux rope forms (Gibson et al., 2002; Green & Kliem, 2009; Schrijver,
2009; Tripathi et al., 2009b). In this work we focus on CMEs with flux ropes, or
assume that the magnetic core of a CME can be approximated by a flux-rope-like
structure.
MHD Flux Rope Models
The most sophisticated CME simulations tend to be hydrodynamic or
MHD simulations. Before the first published coronagraph CME observation,
Hundhausen & Gentry (1969) performed a hydrodynamic simulation of a “flare-
generated disturbance” propagating to 1 AU. Over half a century later, the Space
Weather Prediction Center (SWPC) at the National Aeronautics and Space Ad-
ministration’s Goddard Space Flight Center (NASA/GSFC) began using the Enlil
hydrodynamic code (Odstrcˇil & Pizzo, 1999; Odstrcil, 2003) to forecast solar wind
conditions and CME impacts at Earth.
Unlike many of the simplified analytic models discussed in the next section,
MHD models solve the full set of MHD equations and incorporate the interaction
between the CME and the solar wind, which may have a strong influence on the
propagation and expansion of the CME. Solving the full set of MHD is computation-
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ally expensive, but this method tends to provide much finer details than simplified
models.
Many different MHD models of CMEs exist, but many tend to follow the same
general pattern. First, the model is run without a CME to establish a steady state
background solar wind. Next, a flux rope is inserted. Gibson & Low (1998) and
Titov & De´moulin (1999) present two commonly used models that describe the mag-
netic field of a flux rope, hereafter GL98 and TD9, respectively. GL98 begins with
an axisymmetric, twisted magnetic flux rope with circular cross section. The initial
configuration is then distorted into a teardrop shape, which contains enough free
energy to drive an eruption. The TD99 flux rope is described by a toroidal current,
which is held in an equilibrium position through the inclusion of a line current and
two point charges below the photospheric surface. Frequently, a modified version of
the TD99 model is used where the line current and point charges are not included and
the flux rope is initiated in an unstable configuration (Lugaz et al., 2007; Liu et al.,
2008; Lugaz et al., 2009; Loesch et al., 2011).
Finally, the newly-placed CME propagates and expands according to the MHD
equations. Typically, the CME flux rope is inserted out of equilibrium with respect to
the background magnetic field, causing the CME to begin rapidly accelerating in the
radial direction and overexpanding. Often the flux rope parameters are chosen such
that the simulated CME parameters match the observed values near 1 AU. Because
the CME is typically inserted out of equilibrium, it tends to expand and propagate
too fast in the low corona. Recently Titov et al. (2014) determined a method to
initiate CMEs in approximate force-free equilibrium, which may improve the coronal
CME dynamics.
Alternative methods exist for initiating flux ropes in MHD simulations. In the
breakout model (Antiochos et al., 1999), an arcade of magnetic field lines becomes
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sheared due to motion of the photospheric footpoints. This increases the energy
stored in the sheared arcade system until it becomes unstable and erupts. In the flux
cancellation model (van Ballegooijen & Martens, 1989), flows towards a photospheric
neutral line cause flux cancellation, forming a flux rope. This flux rope becomes
unstable as flux continues to be canceled due to photospheric motion.
Analytic Propagation and Expansion
Simplified analytic models of flux rope propagation and expansion provide an
alternative to the computationally-expensive MHD models. The Melon Seed model
(Pneuman, 1984) simulates the radial propagation of a CME, rather than simply
fitting a predetermined shape to observations. The Melon Seed CMEs are driven by
the Lorentz force, a volumetric force, f , equal to the cross product of the current
density, J , and a magnetic field B.
f = J ×B = 1
4pi
(∇×B)×B − ∇B
2
8pi
(1.1)
For the Melon Seed model, the magnetic field, B, corresponds to the solar magnetic
field. The CME magnetic field does not factor into the calculation. This results in a
solar magnetic pressure gradient force that pushes the CME out radially. The solar
magnetic tension term opposes the magnetic pressure gradient force, strapping the
CME to the solar surface. The Melon Seed model integrates the Lorentz force over
the CME surface to determine the net motion of the CME.
Pneuman (1984) finds that the total acceleration depends only on the CME
volume, rather than on the actual CME shape. While the Melon Seed model can
produce relatively slow CMEs, Wu et al. (2008) suggest excessively large CME vol-
umes are required to reproduce fast CMEs.
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The Melon Seed model does not directly incorporate any CME expansion, how-
ever an expansion can be determined by assuming pressure balance between the
CME and the external solar wind. As the CME propagates outward, the solar wind
pressure decreases, causing the CME to expand. Siscoe et al. (2006) incorporate a
physics-based expansion model into the Melon Seed model, resulting in the Melon
Seed Overpressure Expansion (MSOE) model. For the expansion, Siscoe et al. (2006)
assume that some mechanism, such as reconnection, causes magnetic energy to be
stored in the CME flux rope. The CME then expands due to the overpressure.
Siscoe et al. (2006) show that the MSOE model produces much faster CMEs than
the melon seed model and find that the CME width at 1 AU is comparable those of in
situ observations. More recently, Colaninno (2012) estimates the initial parameters
(solar magnetic field, CME mass) from observations and finds that the the driving
forces are too weak to reproduce the observed coronal CME acceleration, and that
the CME expands too rapidly to match the observations at 1 AU.
Chen (1996) presents a flux rope model for CME propagation and expansion due
to the Lorentz force. Unlike Pneuman (1984), Chen (1996) incorporates the internal
CME magnetic field. This model assumes a flux rope shape similar to that of the
GCS model so that the CME shape is specified by the CME height, the major and
minor radii, and the footpoint separation. This flux rope shape contains a poloidal
and toroidal current density, JP and JT , respectively, which correspond to a poloidal
and toroidal magnetic field, BP and BT .
A curved magnetic field, such as that wrapped around a cylinder, creates a
tension force that points toward the center of curvature. For the case of a straight,
symmetric cylinder, the tension force is symmetric, and the net force integrated over
the cylinder is zero. Curving the cylinder breaks the symmetry creating a stronger
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tension force on the side closer to the center of curvature. In the case of a flux rope,
the asymmetric tension force causes the CME to accelerate in the radial direction.
The model of Chen (1996) starts with a stable flux rope that erupts due to an
increase in the poloidal magnetic flux, which mimics the injection of magnetic energy
from the photosphere. The resulting eruptions reproduce the general propagation and
expansion of observed CMEs.
1.1.4 Importance for Space Weather
Understanding the propagation of CMEs is crucial for space weather. Space
weather encompasses the time varying conditions at the Sun, interplanetary space,
and near the Earth and other planets, which can affect human health and technol-
ogy either in space or on the ground. If a CME impacts the Earth it can reconnect
with and/or compress the magnetosphere. The reconnection injects large amounts
of magnetic energy into the magnetosphere and opens the magnetosphere allowing
entrance of energetic particles from the CME. The compression corresponds to a
varying magnetic field that creates magnetospheric and ionospheric currents, as well
as geomagnetically induced currents (GICs). These currents can affect human in-
frastructure systems such as pipelines and electrical grids. Additionally, changes in
the ionosphere can disrupt radio transmission and GPS communication.
If the CME propagates faster than the background magnetosonic speed the CME
can drive a shock in the corona or interplanetary space. The CME-driven shock can
accelerate particles up to high energies, and these energetic particles can adversely
effect humans and human technology (Pulkkinen (2007) and references within). If
the particles impact a satellite they can cause single event upsets where a logic unit
is flipped, or they can charge internal components and slowly wear away solar cells
(Baker, 2000; Baker et al., 2001). While energetic particles are a constant threat to
the health of humans in space, the threat increases when shock-accelerated particles
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enhance the fluxes. Spacecraft include shielding to mitigate the negative effects,
but energetic particles can be a serious concern during extra-vehicular activity, or
during future missions with long-duration exposure. The radiation effects are less
life-threatening on Earth, but extreme space weather events have led to the rerouting
of polar-crossing planes during high levels of energetic particles.
One extreme example, as described in Clark (2007), is the Carrington event of
1859, which is one of the largest geomagnetic storms as recorded by ground based
magnetometers. Near midday on September 1, solar observers recording sunspots
noticed a visible brightening of the solar disk due to a solar flare associated with a
CME. The CME propagated to Earth in only 18 hours, possibly due to the solar wind
being cleared from its path by a prior CME. After the CME impacted the Earth,
magnetic reconnection between the CME and the magnetosphere caused aurora that
could be seen at latitudes as low as Cuba and Hawaii. Strong ionospheric currents
interfered with the telegraph system, shocking operators and starting fires. After the
telegraphs were disconnected from their power supplies operators were still able to
send signals operating via the ionospheric currents.
In 1989, CME-driven GIC disrupted the Hydro-Que´bec power grid, leaving
six million people without power for nine hours and costing over $13 million in
damages (Bolduc, 2002). As humans become increasingly dependent on sophisticated
technologies, the greater the potential impact from space weather effects and the
greater the need to understand the propagation of CMEs.
1.2 Solar and Heliospheric Features
We next describe some of the solar and heliospheric features that affect the
propagation of CMEs. Of particular interest are active regions (ARs), coronal holes
(CHs), the quiet sun (QS), the streamer belt (SB), and the Heliospheric Current
16
Sheet (HCS). The relative locations of these features and their variations throughout
the solar cycle influence CME deflections.
1.2.1 Basic Descriptions
To serve as a reference for the magnetic structure of the various solar features,
Figure 1.31 shows a Potential Field Source Surface (PFSS, see section 2.1.6) model
of the solar magnetic field for CR 2068 (March-April 2008). The background of
panel (a) shows a synoptic magnetogram of the photospheric magnetic field from
the National Solar Observatory’s Global Oscillation Network Group (NSO/GONG),
which is constructed from observations of the central meridian of the solar disk
over a solar rotation. The PFSS model determines the coronal magnetic field from
the photospheric magnetogram. Select magnetic field lines are projected onto the
magnetogram in Fig. 1.3(a) with the colors corresponding to different solar features.
Fig. 1.3(b) shows the same features as Fig. 1.3(a) but allowing the magnetic field
lines to occupy 3D space and with the magnetogram wrapped about the solar surface.
Active Regions
ARs are compact regions of enhanced magnetic field. In Fig. 1.3 several ARs can
be seen in the black and white enhancements in the magnetogram. The corresponding
coronal magnetic field lines are colored orange. An average AR covers about 1000
Mm2, or 0.06% of the solar disk, but large ARs can exceed ten times this size (Howard,
1996). The most energetic CMEs tend to originate in ARs, and the CME’s kinetic
energy tends to scale with AR magnetic energy (Venkatakrishnan & Ravindra, 2003;
Chen et al., 2006).
1Images retrieved from http://gong.nso.edu/science/gongpfss/gongpfss.html
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Fig. 1.3: Panel (a) shows a synoptic magnetogram from NSO/GONG with the PFSS
reconstruction overlaid. Panel (b) shows the same magnetic field configuration in 3D.
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Coronal Holes
CHs are large, relatively uniform, unipolar regions of “open” magnetic field.
Technically no magnetic field can be discontinuous without violating Gauss’ law
for magnetism, but the term “open” is frequently used to denote magnetic field
that closes at great distances. The red and green magnetic field lines in Fig. 1.3
correspond to coronal holes of different polarities.
CHs are identified as dark regions EUV and X-ray images. The coronal plasma
is quickly accelerated along open magnetic field lines so CHs correspond to regions
with relatively high velocities and low densities. The decrease in the density causes
the decreased coronal emission. The observational boundaries separating CHs from
the rest of the Sun can be either sharp or diffuse (Hudson, 2002).
Quiet Sun and Streamers
The quiet sun refers to regions that appear brighter than CHs yet dimmer than
ARs in the EUV and X-ray (Cranmer, 2000). These regions tend to correspond
to small, closed magnetic field lines. The network of the largest closed loops can
be classified as SB or pseudostreamers (PSs). The SB, shown in blue in Fig. 1.3,
connects opposite hemispheres and separates CHs of opposite polarities. When the
CHs extend down to low latitudes, PSs can form. Unlike the SB, PSs separate CHs
of the same polarity. Crooker et al. (2014) find little difference between the in-situ
characteristics of slow wind associated with either SBs or PSs.
Heliospheric Current Sheet
As the solar wind flows out radially, it carries out the solar magnetic field. The
solar magnetic field is assumed to be radial above the SB in the frame corotating
with the Sun. At the apex of a SB arcade the radial component of the magnetic
field changes polarity. As this is stretched out by the solar wind the rapid reversal
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in the magnetic field forms a current sheet. The HCS is the surface that separates
coronal and interplanetary magnetic field of opposite polarities. The HCS extends
from above the SB at a few solar radii out into interplanetary space.
If the solar dipole is inclined with respect to the rotation axis then the SB
and HCS will not be symmetric about the solar equator. For any longitude, the
solar rotation causes the latitude of the HCS to change over time. This change is
reflected out in interplanetary space as the HCS continually changes latitude with
radial distance giving the appearance of a “ballerina skirt” (Smith, 2001).
1.2.2 Solar Cycle Variations
The Sun varies on an approximately 11 year time scale in which the solar dipole
reverses polarity (22 years for a full cycle back to the original polarity). The cycle
begins in solar minimum when the solar magnetic field is relatively weak, and little
solar activity occurs. The activity gradually increases as the Sun sheds magnetic
flux to achieve the polarity reversal. Solar maximum corresponds to the peak in
magnetic activity, after which the activity begins declining until the solar minimum
of the following solar cycle occurs.
One of the first observed solar cycle variations was in the number and location
of sunspots. During solar minimum, relatively few sunspots occur, but those that
do exist appear around 30◦ to 45◦ in latitude. As the solar cycle progresses, more
sunspots begin appearing until the number peaks at solar maximum and then begins
decreasing in the declining phase following solar maximum. The latitude at which
the sunspots appear decreases throughout the solar cycle until the sunspots cease
appearing before reappearing again at high latitudes at the beginning of the following
solar cycle.
During solar minimum only polar CHs exist. As solar activity increases the
CHs begin to extend to lower latitudes and cover a larger fraction of the solar sur-
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face. Both the latitudinal extent and total coverage peaks in the declining phase
(McIntosh et al., 2015).
The changes in the locations of the CHs and the HCS are intrinsically coupled
as the HCS separates the CHs of opposites polarities. The HCS begins relatively flat
during solar minimum while the CHs are confined to the poles. As the CHs extend
to lower latitudes the HCS becomes more inclined. The inclination grows until the
dipolar magnetic field reverses and the HCS is again flat.
1.3 CME Deflections
The better we understand the trajectory of a CME through the heliosphere, the
better we can predict the effects at Earth and throughout the rest of the heliosphere.
If CMEs followed strictly radially paths, understanding CME propagation would
be greatly simplified. However, observations show that CMEs frequently deflect,
deviating from a radial trajectory.
1.3.1 Observations
Since the beginning of CME observations in the 1970s, CME deflections have
been observed (Hildner, 1977; MacQueen et al., 1986; Plunkett et al., 1997). Here
we discuss the observations of CME deflections, the trends in the deflection, and
theories for the cause of the deflection.
Single Viewpoint
Initially only latitudinal CME deflections were observed within a coronagraph
image from a single viewpoint (MacQueen et al., 1986; Cremades & Bothmer, 2004;
Kilpua et al., 2009). As discussed in section 1.1.1, the longitudinal direction is com-
pressed into the plane of the sky in coronagraph measurements, making it difficult
to determine any longitudinal information from a single coronagraph image.
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Hildner (1977) analyzes 93 CMEs observed by the Skylab coronagraph and
determines the “midlatitude” of a CME as the average of latitudinal position of the
CME’s outermost edges. By tracking the midlatitude versus radial distance, Hildner
(1977) finds that the CMEs tend to move closer to the equator. On average, the
CMEs were 2.5◦ closer to the equator at 4R¯ than at 2R¯.
MacQueen et al. (1986) apply the technique of Hildner (1977) to the CMEs
observed by the Solar Maximum Mission coronagraph. This set of CMEs shows less
systematic equatorward deflection, and a significant portion show poleward deflection
away from the equator. While the average deflection between 2R¯ and 4R¯ may
only be a few degrees, MacQueen et al. (1986) find individual cases deflecting as much
as 10◦ in this distance range. These large deflections can be either equatorward or
poleward.
Multiple Viewpoints
More precise measurements of the longitudinal position of a CME became
feasible after the launch of STEREO when stereoscopic reconstruction techniques
could be used. These observations confirmed that deflections can occur in both
longitude and latitude (Byrne et al., 2010; Liu et al., 2010b,c; Lugaz et al., 2010;
Lugaz, 2010; Rodriguez et al., 2011; Isavnin et al., 2013; Nieves-Chinchilla et al.,
2013; Isavnin et al., 2014; Wang et al., 2014).
As discussed in section 1.1.1, the stereoscopic reconstruction techniques typi-
cally involve assuming the CME has some shape and adjusting the size and location
to simultaneously match both viewpoints. Byrne et al. (2010) reconstruct the 2008
December 12 CME using an elliptical tie-pointing method. By matching the posi-
tions of edges in STEREO Ahead and Behind images, they fit a 3D ellipsoid to the
CME (see Fig. 1.2). They estimate a latitudinal change of 30◦ in the midpoint of
the CME front during propagation up to 7R¯.
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Using the GCS model (section 1.1.3), Liu et al. (2010c) reconstruct the 3D
behavior of several events via forward modeling of a flux-rope-like structure with
self-similar expansion. Liu et al. (2010c) find a 13◦ westward deflection within 15R¯
for the 2007 November 14 CME and an approximately 10◦ westward deflection for
the 2008 December 12 CME, but do not address the latitudinal deflection calculated
by Byrne et al. (2010).
Isavnin et al. (2013) use a combination of forward modeling of STEREO-
SECCHI and SOHO-LASCO coronagraphic images and Grad-Shavfranov reconstruc-
tion to determine the full 3D trajectory of a CME out to 1 AU. Isavnin et al. (2013)
reconstruct 15 CMEs from 2008-2010, which corresponds to the solar minimum of
Solar Cycle 24. The latitudinal deflections of these CMEs far exceed the longitu-
dinal deflections. Isavnin et al. (2013) find latitudinal deflections up to 35◦ and a
maximum longitudinal deflection of 5.4.◦
Isavnin et al. (2014) extend the work of Isavnin et al. (2013) by incorporating
measurements below 5 R¯. The top panel of Figure 1.4 shows the latitudinal (θ)
and longitudinal (φ) deflections for 14 CMEs. These CMEs experience large deflec-
tions close to the Sun, but they also exhibit continued deflection out to 1 AU. This
deflection at large distances, also seen in Lugaz et al. (2010) and Wang et al. (2014),
is sometimes referred to as interplanetary CME deflection to differentiate it from
coronal CME deflection.
1.3.2 Simulations of Deflections
CME deflection is also studied through the use of MHD simulations.
Zuccarello et al. (2012) compare a MHD simulation to the 2009 September 21 CME
that was observed to deflect 15◦ toward the HCS. In their MHD simulation, recon-
nection creates an imbalance in the magnetic pressure gradient and magnetic tension
forces, causing the CME to deflect toward the SB.
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Fig. 1.4: The latitudinal and longitudinal deflection of 14 CMEs between 2008
and 2010 (solar minimum). The top panel shows the longitude (φ) versus latitude
(θ) for four different distances in each CME’s propagation (blue circles: 1-2R¯;
orange triangles: 2-8R¯; green circles: 8-30R¯; red diamonds: 1 AU). The bottom
panel shows a histogram of the latitudinal positions of the CMEs at each distance.
[Isavnin et al. (2014)]
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Lugaz et al. (2011) present a MHD simulation of the 2005 August 22 CME
which erupted from an anemone AR within a CH. Lugaz et al. (2011) find that the
magnetic forces drive a deflection of 10◦-15◦ within 8R¯ , which is smaller than the
40◦-50◦ expected from observations. The simulated CME is initiated with an out-
of-equilibrium flux rope, typical of most MHD simulations, so that the CME does
not match the observations within three solar radii of the Sun. The simulated CME
reaches its maximum speed of 1500 km s−1 only 1.5 minutes after initiation. Beyond
3R¯ the propagation speed matches the observed value of 1250 km s
−1. Lugaz et al.
(2011) note that the difference in propagation at low heights, where magnetic deflec-
tion forces should be the strongest, could explain some of the discrepancy between
the observed and simulated deflections.
1.3.3 Trends in Deflection
Hildner (1977) first noticed the trend of CMEs deflecting toward the solar equa-
tor during solar minimum. However, MacQueen et al. (1986) did not find such a clear
trend in solar maximum CMEs. The bottom panel of Fig. 1.4 shows a histogram
of the latitudinal positions of solar minimum CMEs at different distances. The his-
togram shows that the solar minimum CMEs tend to start at high latitudes (blue
data) and deflect down to low latitudes by 1 AU (red data), confirming the earlier
work of Hildner (1977).
Cremades & Bothmer (2004) and Kilpua et al. (2009) suggest that the deflec-
tion may not be “equatorward” but instead determined by the location of solar
features such as CHs and the HCS. During solar minimum, the equatorward deflec-
tion then corresponds to deflection away from polar CHs, toward the HCS. At other
times of the solar cycle, the increased complexity of the HCS configuration may lead
to more variation in the direction of deflection.
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Isavnin et al. (2013, 2014) found that the coronal latitudinal deflections of
CMEs tend to exceed the coronal longitudinal deflections (top panel of Fig. 1.4),
however, all their CMEs occurred near solar minimum. If CMEs deflect away from
CHs or toward the HCS, then primarily latitudinal deflections would be expected for
their set of CMEs. The trend of latitudinal deflections exceeding the longitudinal
deflections may not persist throughout the solar cycle. Unfortunately, the sunspot
number for Solar Cycle 24 peaked in 2014, at which time the STEREO spacecraft ar-
rived at the opposite side of the Sun. There the geometric reconstruction techniques
do not work as well with close proximity of the spacecraft and their locations create
difficulties in the transmission of data back to Earth. As a result, no stereoscopic
study of a set of CME deflections during solar maximum has been published.
Interplanetary CME deflections tend to have larger longitudinal components
than their coronal counterparts (Lugaz, 2010; Isavnin et al., 2013, 2014; Wang et al.,
2014). Lugaz (2010) and Wang et al. (2014) reconstruct CME’s longitudinal trajec-
tory between 30R¯ and 1 AU and find many deflections exceeding 10.◦ The possible
relation between coronal and interplanetary CME deflections is briefly discussed in
section 1.3.4 and chapter 5.
Xie et al. (2009) find that the magnitude and the direction of the latitudinal
deflection depend on the velocity of a CME. For slow CMEs (≤ 400 km s−1), the
deflections reach magnitudes of 50◦, whereas their maximum observed deflection of
a fast (> 400 km s−1) CME is only 15.◦ The slow CMEs follow a pattern of deflec-
tion toward the HCS, but some fast CMEs move away from the HCS. Additionally,
Xie et al. (2009) observe a correlation between the magnitude of the deflection and
the distance between the CME source and the HCS for the slow CMEs, but find no
such correlation for the fast CMEs.
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1.3.4 Theories for CME Deflection
Over the last decade, many theories have been proposed to explain why CMEs
deflect. Many theories attribute the coronal deflection specifically to the CHs as the
earliest observations showed CMEs deflecting away from CHs toward the HCS. The
coronal deflection can also be described in more physics-based terms as the result of
magnetic gradients. Several theories exist for the relation between the coronal and
interplanetary deflection, but it is not yet fully understood.
Coronal Hole Based Theories
Cremades & Bothmer (2004) and Kilpua et al. (2009) discuss the trend of high
latitude CMEs deflecting toward the equator during solar minimum conditions. Both
authors attribute the deflection to polar CHs. Cremades & Bothmer (2004) empha-
size the role of the fast wind affecting the CME’s expansion. Kilpua et al. (2009)
suggest that CMEs cannot penetrate the polar CH magnetic fields that then guide
the CME to the equator. Kilpua et al. (2009) also note the correlation between the
direction of CME deflections and the decreased tilt of the HCS at solar minimum.
A CH’s influence on a CME has been quantified by defining arbitrary force vec-
tors based on the CH parameters. To study correlations between a CME’s deflection
and the distance, r, from its source location to a CH with area, A, Cremades et al.
(2006) introduced a force, F = A/r rˆ. This force points toward rˆ, defined as the
direction pointing away from the CH toward the CME. Cremades et al. (2006) find
a correlation between the direction of F and the direction of the CME deflection,
suggesting that CHs do influence the CME motion.
Gopalswamy et al. (2009a) define a “coronal hole influence parameter” (CHIP),
similar to the force of Cremades et al. (2006), which incorporates the magnetic field
strength (B) of the CH, F = B2A/r rˆ. Gopalswamy et al. (2009a) find good
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agreement between the direction a CME propagates after it deflects and the di-
rection given by the vector sum of all of the individual F-vectors from nearby
CHs. Gopalswamy et al. (2010) update the r-dependence to r−2, giving a final form
F = B2A/r2 rˆ.
Mohamed et al. (2012) determine the CHIP value for Solar Cycle 23 CMEs
originating from disk center and analyze the CHIP values as a function of the solar
cycle and CME type. Driverless shocks (an in situ observation of a shock without
signature of the driving CME) tend to have the largest CHIP values. Magnetic clouds
(MC, a CME with the clear signature of a flux rope) have the smallest CHIP values,
with non-MCs falling in between MCs and driverless shocks. The CHIP values are
smallest during the rising phase. Mohamed et al. (2012) suggest that CHs deflect
CMEs away from the Sun-Earth line, which provides support for the idea that all
CMEs may be flux ropes; the distinction between MCs, non-MCs, and driverless
shock being a matter of viewing perspective.
Magnetic Gradient Theory
Magnetic forces may be the physical mechanism behind the deflection away from
CHs toward the HCS. The Lorentz force is thought to drive the radial propagation
of CMEs (Pneuman, 1984; Chen, 1996; Vrsˇnak et al., 2007; Bein et al., 2011), which
occurs at roughly the same heights as the coronal non-radial acceleration that causes
deflection.
Shen et al. (2011) and Gui et al. (2011) consider gradients in the magnetic en-
ergy density of the background solar corona as an explanation for observed CME
deflections. At the distances of their observations (≥ 2R¯), these gradients point
away from CHs toward the streamer region that becomes the HCS. Shen et al. (2011)
present a theoretical approach that compares favorably with observations. Gui et al.
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(2011) extend the work with additional observations and find that the direction of
deflection tends to agree with the direction of the background gradients.
Figure 1.5 shows results from Gui et al. (2011) for the 2008 December 12 CME.
At farther distances the direction of the magnetic gradients, as determined using
the PFSS model, and the deflection (red and green arrows) are nearly identical.
Closer to the Sun the two directions differ. This difference could result from the
simplifications inherent to the PFSS model, the exclusion of the magnetic tension
component of the Lorentz force, or possible effects from magnetic reconnection. The
discrepancies between the two directions tends to occur in the longitude direction
and could just result from uncertainty in the measured longitudinal position. As
discussed in section 1.1.1, line-of-sight coronagraphs integrate in the longitudinal
direction leading to larger uncertainties, particularly at low heights where the shape
of the CME may still be changing rapidly.
Deflection due to magnetic gradients reproduces the observed trends in the
direction of deflection over the solar cycle. During solar minimum conditions, the
streamer region is generally centered near the equator so mainly latitudinal deflection
will occur. At other times, the coronal magnetic field becomes more complex so a
wider variety of gradient directions exist.
Similar to the deflection of CMEs, Panasenco et al. (2011) investigate the rolling
motion of prominences/filaments. These authors find that the prominences tend to
roll away from CHs before they form flux ropes. Panasenco et al. (2011) suggest that
the filament motion could be explained by local magnetic force imbalances within the
filament arcade, whereas the non-radial motion of CMEs would result from similar
imbalances on global scales.
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Fig. 1.5: Each panel shows the magnetic field strength at a specific height, deter-
mined using the PFSS model, versus longitude and the sine of the latitude. The
red line indicates the location of the HCS. The blue oval shows the projection of
the CME and the yellow asterisk indicates the CME nose. The red arrow shows the
direction of the magnetic gradient at the CME nose and the green arrow shows the
direction of the CME deflection. [Gui et al. (2011)]
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Interplanetary Deflection Theory
If magnetic forces cause CME deflection, a CME should be rapidly accelerated
in the low corona, but the acceleration should quickly cease as the solar magnetic
field falls off rapidly with distance. A CME with a coronal deflection should continue
moving in interplanetary space with constant angular momentum after the deflection
forces become negligible. The rate of deflection should decrease with distance but
the direction should not change. The observations of Isavnin et al. (2014) (top panel
Fig. 1.4) show several CMEs where the direction of the interplanetary deflection
agrees reasonably well with that of the coronal deflection (cases 4, 9, and 11).
Isavnin et al. (2014) also find many cases where the interplanetary deflection
gains a substantial longitudinal component as compared to the coronal deflection
(cases 5, 6, 13). This suggest that some additional mechanism is influencing the
CME’s motion at interplanetary distances.
Wang et al. (2004) and Wang et al. (2014) propose that the interplanetary mag-
netic field is strong enough to force a CME to follow the Parker spiral, which would
cause a systematic longitudinal deflection. For a CME propagating slower than the
solar wind, the solar wind will pile-up on the back of the CME and overtake it on
the east, yielding a westward deflection. Conversely a CME propagating faster than
the solar wind will experience an eastward deflection. However, comparison of this
mechanism with the interplanetary deflection of the 2008 September 12 CME yields
insufficient deflection (Wang et al., 2014), suggesting the magnetic forces may not be
strong enough at interplanetary distances.
The magnetic energy decreases rapidly with radial distance so significant com-
pression of the ambient solar wind would be required to yield magnetic forces of an
appropriate magnitude. The direction of the deflection and the relation to CME ve-
locity seems to reproduce the observations so it remains possible that instead of the
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magnetic force, a similar force could result from a thermal or ram pressure gradient
or as a result of drag.
1.4 Organization of Thesis
This thesis presents a model, ForeCAT, for CME deflection by considering the
effects of magnetic pressure gradients as well as magnetic tension. Magnetic energy
dominates the free energy budget of the ambient plasma in the lower corona, so
magnetic forces should play an important role in the deflection of CMEs near the
Sun. The closer to the Sun a CME is, the stronger the surrounding coronal magnetic
fields and therefore the stronger the forces that act upon a CME. The magnetic field
strength falls off quickly with distance so the magnetic forces should as well.
Other effects can cause CME deflection, but are not considered in this work.
This includes the interactions with other CMEs propagating through the interplan-
etary medium (Lugaz et al., 2012; Temmer et al., 2012) or spatial variations in the
speed of the background solar wind. Spatial velocity variations can distort the
shape of a CME, as seen in observations (Savani et al., 2010) and in MHD mod-
els (Wang et al., 2003). If unbalanced, these effects on opposite sides of the CME
could cause deflection. We focus only on the magnetic forces, which dominate close
to the Sun, ignoring magnetic reconnection.
This thesis is organized as follows. In Chapter 2 we present the model ForeCAT.
Section 2.1 presents the first version of ForeCAT and the basic format of ForeCAT
results. Section 2.2 describes the changes made in the second version and shows how
each change effects the ForeCAT results. In Chapter 3 we look at global trends in the
ForeCAT results and compare these trends with observed trends and a theoretical
analysis of the expected trends. We consider trends in the magnitude and direction
of CME deflections that vary with both CME and solar parameters. In Chapter 4 we
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compare ForeCAT results with specific observed CME deflections. This comparison
enables us to constrain previously unknown parameters such as the CME mass and
solar wind drag coefficient. In Chapter 5, we look at the evolution of the angular
moment of simulated deflecting CMEs and show that the deflection is determined
at very small distances from the Sun. This suggests it is critical to use a realistic
representation of the low corona to obtain accurate predictions of CME deflections,
and that comparison of ForeCAT simulations with observation can help discriminate
between different background models.
Chapters 2-5 contain ForeCAT results for solar CMEs. In Chapter 6 we adapt
ForeCAT for use with other stars, specifically the M dwarf (dM) V374 Peg. The
close habitable zones (HZs) of dMs make them the favorite targets in the search for
habitable exoplanets, but these small stars have extreme magnetic fields and high
levels of activity. We explore the effect CME deflections may have on the habitability
of dM exoplanets, specifically, the frequency of CME impacts. Finally, in Chapter
7 we discuss some of the current limitations of ForeCAT and future work before
summarizing our conclusions.
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Chapter 2
ForeCAT
This chapter includes the details of the model ForeCAT, as well as a description
of the results. In section 2.1 we present the initial version of ForeCAT, ForeCAT 1.0,
which included many simplifications. The initial results with ForeCAT 1.0 showed
that magnetic forces could reasonably explain observed CME deflections so the model
was further developed. Section 2.2 includes a description of the model refinements
in ForeCAT 2.0 and the corresponding changes in the ForeCAT results.
Fig. 2.1: Diagram showing the organization of ForeCAT. ForeCAT requires both
CME parameters and a description of the solar magnetic field and solar wind. In
addition to determining the deflection, ForeCAT utilizes models for the CME’s radial
propagation and expansion and determines the drag from the background solar wind.
The combination of these models produces the trajectory of a CME between 1R¯
and 1 AU.
34
Figure 2.1 contains a diagram representing the organization of ForeCAT. Fore-
CAT requires descriptions of both the CME and the background solar wind, as shown
on the left-hand side of the diagram. From these, ForeCAT calculates a CME’s de-
flection using the background solar magnetic forces. ForeCAT also includes the
radial propagation of the CME, the expansion of the CME, and any drag affect-
ing the CME’s deflection motion. These four components allow for determination
of the CME trajectory between the surface of the Sun and 1 AU. The individual
components are described below.
2.1 ForeCAT 1.0
The first version of ForeCAT calculated the deflection of a CME within a plane
defined by global magnetic pressure gradients. As mentioned above, the deflection of
the CME not only depends on the magnetic forces but requires models for the CME
expansion and propagation as well. The first version of ForeCAT uses the expansion
model from the MSOEmodel of Siscoe et al. (2006). A three-part propagation model,
similar to that of Zhang & Dere (2006), determines the CME’s radial motion. The
CME starts with a slow rise phase that transitions to an acceleration phase, then
finally enters a constant speed propagation phase. ForeCAT also includes the effects
of drag hindering the CME’s non-radial motion, so that the CME cannot propagate
freely in a direction quasi-perpendicular to the solar wind flow. ForeCAT’s radial
propagation model results from fitting observations of CMEs affected by drag so
ForeCAT does explicitly include drag in the radial direction.
2.1.1 CME Description
Initially, in order to simplify the treatment of the CME deflection in the lower
corona, we restrict the calculations within ForeCAT to a plane called the “deflection
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plane.” In ForeCAT, magnetic forces drive the deflection so the model’s background
coronal magnetic field gradients at the location from which the CME launches de-
termine the direction of the deflection plane. The normal to this plane is defined as
the cross product of the direction of the initial radial CME motion and the direction
of the dominant background magnetic pressure gradients.
Determination of the Deflection Plane
The calculation of the deflection plane normal vector uses the direction of the
gradients in the magnetic pressure at a single location, which requires picking a
specific height. It is expected that the direction of the magnetic pressure gradient
will change with distance from the Sun. At smaller distances, the local effects of
the AR from which the CME is launched dominate the gradient, and at farther
distances effects from from global features such as CHs and the HCS dominate. For
the magnetic background used in this work, the effects from global features dominate
at distances of 2R¯ or larger. ForeCAT uses the direction of the gradient at this
2R¯ threshold to define the deflection plane to capture the effects of the CHs and
HCS.
Figure 2.2 shows four panels illustrating how different features determine the
gradients at different heights. Each panel shows a constant height from a MHD sim-
ulation using the Space Weather Modeling Framework (SWMF, see section 2.1.6 and
van der Holst et al. (2010), To´th et al. (2011), and Evans et al. (2012) for details)
centered around the AR from which the CME is launched. The figure shows color
contours corresponding to the logarithm of the magnetic pressure, and the arrows
show the direction of the non-radial magnetic pressure gradient unit vectors. The
white dot indicates the latitude and longitude from which a CME is launched. All
panels use the same color contour scale.
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Fig. 2.2: All panels show latitude versus longitude at different heights for a section
around an active region. The panels correspond to distances (a) 1.05R¯, (b) 1.5R¯,
(c) 2.0R¯, and (d) 3.0R¯. The color contours show the magnetic pressure gradi-
ent, and the arrows are unit vectors showing the direction of the magnetic pressure
gradient in the plane. The white dot indicates the launch position of the CME used
for the ForeCAT 1.0 results. At low heights (R < 2R¯), the AR dominates both
the contours and gradients, but as the distance increases, effects from the CH and
SB/HCS become important. In panels (c) and (d), the position of the HCS can
be seen as a minimum in the magnetic pressure. Panel (b) shows an intermediate
distance where both global and local effects influence the gradients.
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The strongest magnetic pressure occurs close to the AR, visible in Figure 2.2(a)
(a distance of 1.05R¯). Figure 2.2(b) shows a distance of 1.5R¯ where both the local
effects of the AR and the global effects of the CHs and SB influence the gradients. In
Figures 2.2(c) and (d) (distances of 2 and 3R¯), the streamer region that becomes
the HCS can be seen as a minimum in the magnetic pressure. In these panels, the
magnetic pressure is weaker than the magnetic pressure in Figure 2.2(a) by 2-3 orders
of magnitude.
At larger distances, the gradients transition from being dominated by local
features, such as ARs, to a more uniform configuration, determined by the global
structure of CHs and the CHS. For this background, 2R¯ is the smallest radius at
which the gradients are dominated by the global effects. These global gradients are
present closer to the Sun, but can only be easily separated from the local gradients at
larger distances. Between 2R¯ and 3R¯, the direction of the gradient at the CME
launch position changes by less than 6.◦ ForeCAT uses the value at the smaller radius
where the magnetic field is stronger since more deflection will occur near that height.
While the AR’s magnetic field does affect the CME’s propagation and is in-
cluded in the calculations, ForeCAT 1.0 focuses on deflection due to global gradients
resulting from the orientation of CHs and the HCS and the differences in these mag-
netic fields. The effects of the ARs are better incorporated in ForeCAT 2.0, discussed
in section 2.2.
Figure 2.3 illustrates the selection of the deflection plane. Figure 2.3(a) shows
color contours of the magnetic field strength at distances of 1.05R¯ and 2R¯, analo-
gous to Figures 2.2(a) and 2.2(c), in 3D using a color scale appropriate for the range
at each distance. At 1.05R¯, the red lines indicate the approximate position of the
CHs. The black circle marks the latitude and longitude of the CME’s initial position.
The radial vector R0 extends from the center of the Sun through this point. The
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Fig. 2.3: Selection of the deflection plane Panel (a) shows the magnetic field strength
at distances of 1.05R¯ and 2R¯, similar to Figures 2.2(a) and 2.2(c). At 1.05R¯, red
lines show the location of the nearby CHs. The black dot indicates the initial latitude
and longitude of the CME and the line shows the deflection plane orientation, the
same as the magnetic pressure gradient direction at 2R¯ at the initial latitude and
longitude. The radial vector, R0 connects the center of the Sun to the black dot.
The normal of the deflection plane, n, is defined in Eq. 2.1. Panel (b) shows the
resulting deflection plane.
black line shows the orientation of the deflection plane. The normal to the deflection
plane is given by
n = R0 ×∇
(
B2
8pi
)
, (2.1)
where ∇B2/8pi is the gradient in the magnetic pressure at a distance of 2R¯. The
radial direction and the gradient vector from Figure 2.3(a) define the deflection plane
in Figure 2.3(b). The schematic in Figure 2.3(b) includes an example deflection plane
and the Sun’s surface. As shown in Figure 2.3(b), the deflection plane can be tilted;
it need not be an equatorial or meridional plane.
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Representation of a CME within the Deflection Plane
Figure 2.4 contains a schematic of the Sun-CME configuration. Panel (a) shows
the Sun in white and the flux-rope-like CME in yellow, as well as the intersection of
the CME and deflection plane. Panel (b) shows features within the deflection plane.
The background solar magnetic field is defined in polar coordinates, R and φ, with
the origin at the center of the Sun. A second set of polar coordinates, r and θ, with
an origin at the point on the Sun (R = 1R¯) from which the CME is launched, is
used to calculate deflection forces on the CME. The set of Cartesian coordinates,
with an origin also at the center of the Sun, allow conversion between the two sets
of polar coordinates:
R =
√
x2 + y2 r =
√
(x− 1)2 + y2
φ = tan−1
(y
x
)
θ = tan−1
(
y
x− 1
)
,
where x, y, R, and r all have units of R¯ and x and y correspond to the R0 and
−∇B2/8pi directions in Figure 2.3, respectively. In this geometry, the CME launches
along the x-axis, which corresponds to θ = φ = 0.
A circle, initially of radius L0, represents the cross section of the CME in the
deflection plane. For the cross section to be a perfect circle, the CME must be
perpendicular to the deflection plane. Deviations from this orientation will introduce
small errors as the cross section will take an elliptical shape within the deflection
plane. ForeCAT uses the deflection forces on two “edges,” marked with ×’s in Figure
2.4(b), to calculate the total deflection. The edges correspond to the points on the
circle on a line running through the center of the circle and perpendicular to the
rˆ-direction at that point. Averaging the φ values of the two edges gives the central
position angle (CPA) of the CME, which equals the φ position of the center of the
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Fig. 2.4: Schematic showing details within the deflection plane. Panel (a) shows
the Sun (white circle), the flux-rope-like CME (yellow), and its intersection with
the deflection plane. Panel (b) shows a yellow circular cross section of the CME
flux rope within the deflection plane. Two polar coordinate systems are shown as
well, in addition to one Cartesian. The x- and y-directions correspond to the R0
and ∇B2/8pi directions from Figure 2.3, respectively. One set of polar coordinates
(r and θ), used for the deflection force, is centered at the location from which the
CME launches. The Sun-centered polar coordinates (R and φ) are used to define the
background magnetic field. The circular CME cross section starts with a radius L0
and a position (r, θ) = (r0, θ0). The black ×’s mark the position of the CME edges
where the deflection forces are calculated. The red lines represent the diameter of
the CME parallel to the y-axis, which show the size and position of the CME in later
figures.
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circle:
CPA =
φ1 + φ2
2
, (2.2)
where 1 and 2 refer to the two edges. The CPA is calculated using the Sun-centered
angle, comparable to the latitudinal or longitudinal positions of CMEs determined
from coronagraph observations.
The net deflection force on the two edges determines a change in the θ position
of the CME (θ → θ′). Before a CME detaches from the solar surface the deflection
motion will occur with respect to the position where the footpoints are anchored. Ac-
cordingly, the first version of ForeCAT calculates deflection forces in the θˆ-direction.
Different analytic models, separate from the deflection, describe the change in the ra-
dial distance (R→ R′), change in the CME radius (L→ L′), and effects of nonradial
drag (see section 2.1.3-2.1.5). No change in the CPA occurs for a CME propagating
without deflection and with uniform expansion. Deviations from the original CPA
correspond to deflection or non-uniform expansion, however ForeCAT only includes
CMEs with uniform expansion (section 2.1.4).
2.1.2 Deflection Forces
ForeCAT calculates CME deflection due to magnetic tension and magnetic pres-
sure gradients. Imbalance of these forces between the two edges of the CME causes
a net force in the θˆ-direction, driving deflection. All forces within this model are
volumetric so that the acceleration equals the force divided by the density.
Magnetic Tension
In general, the force due to magnetic tension can be expressed as
Fκ = κ
B2
4pi
(2.3)
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where κ = 1/RC is the curvature and RC is the radius of curvature. The tension force
points toward the center of curvature. As the CME expands into the surrounding
medium, the external magnetic field will drape around it. The curvature of the
draped magnetic field can be approximated then as the CME curvature with RC as
the radius of the CME cross section within the deflection plane.
The draping of the coronal magnetic field is not restricted to the deflection
plane, so ForeCAT includes a cosα factor to account for this effect, assuming that
the radius of curvature does not change. The angle α is the angle between the
deflection plane and the direction of the draping of the background solar magnetic
field lines around the CME. In principle, α will vary in time. The final tension force
on each edge is
Fκ = ∓ 1
L
B2
4pi
cosα θˆ (2.4)
where the top edge (defined as the edge with the largest y value in the Cartesian
coordinate system in Figure 2.4(b)) has a negative sign and the bottom edge has
a positive sign. The magnetic tension on opposite edges will balance only for a
background magnetic field that is symmetric about the CME.
Magnetic Pressure Gradient
The component of the magnetic pressure gradient perpendicular to the radial
direction also leads to deflection:
F∇P = −∇⊥B
2
8pi
, (2.5)
where the subscript ⊥ corresponds to gradients perpendicular to the direction of
the magnetic field according to the definition of the Lorentz force. The magnetic
pressure gradient expression used in ForeCAT includes the cosα factor to account
for draping out of the deflection plane. Since the background magnetic field lines
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drape around the CME, at the edges the direction of the perpendicular gradient
within the deflection plane is the θˆ-direction. Equation 2.5 can be recast as
F∇P = − B
4piR
∂B
∂φ
cos(θ − φ) cosα, (2.6)
with the force directed in the θˆ-direction due to the cos(θ−φ) term that results from
taking the θˆ component of the gradient in the φ-direction. As the CME propagates
away from the Sun, the orientation of the background magnetic pressure gradients
may change from the initial direction that determined deflection plane orientation.
The net out-of-plane deflection should be minimal, however, as the magnetic forces
decrease with distance.
Total Deflection Force
The net volumetric deflection force is given by the sum of Equations 2.4 and
2.6.
F =
(
∓ 1
L
B2
4pi
cosα− B
4piR
∂B
∂φ
cos(θ − φ) cosα
)
θˆ (2.7)
where θˆ = sin θxˆ + cos θyˆ, which changes with time as θ changes. Dividing the
deflection force by the CME density gives the acceleration of each CME edge. The
CME density is defined as
ρ =
MCME
pi2rL2
, (2.8)
where MCME is the CME mass and the volume is approximated using a uniform
curved cylinder of length pir and cross section piL2. The mass of the CME is assumed
to be constant. Vourlidas et al. (2010) analyze the mass evolution of CMEs in the
low corona using the coronagraph brightness and found that CMEs tend to increase
in mass in the corona below 10R¯ . ForeCAT’s assumption of a constant mass will
cause underestimations of the density, leading to an overestimate of the acceleration
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caused by deflection. The density evolves in time due to the expansion of the CME
(see section 2.1.4).
The acceleration of the edges in the θ-direction is a linear acceleration with x
and y components. The equations of motion for an edge are:
x(t+∆t) = x(t) + vdef,x(t)∆t− 0.5F (t)
ρ(t)
sin θ(t)∆t2, (2.9)
y(t+∆t) = y(t) + vdef,y(t)∆t+ 0.5
F (t)
ρ(t)
cos θ(t)∆t2,
where vdef,x and vdef,y are the velocities of the edge in the x- and y-direction resulting
from deflection.
vdef,x(t) = −
∫ t
0
F (t)
ρ(t)
sin θ(t)dt, (2.10)
vdef,y(t) =
∫ t
0
F (t)
ρ(t)
cos θ(t)dt.
The deflection equals the change in the CME’s CPA:
CPA(t) =
1
2
[
tan−1
(
y1(t)
x1(t)
)
+ tan−1
(
y2(t)
x2(t)
)]
(2.11)
where 1 and 2 refer to the two CME edges. Since initially the CPA equals zero,
the total deflection at anytime equals the CME’s current CPA. The total deflection
within the deflection plane can be converted to a change in latitude and longitude
using the orientation of the deflection plane.
2.1.3 Radial CME Propagation
ForeCAT adopts an analytic expression for the radial propagation speed based
on empirical fits to observations. The Lorentz force that drives the CME deflection
also likely causes the radial motion of the CME (Vrsˇnak et al., 2007; Bein et al.,
45
2011). Rather than simulating the radial propagation, ForeCAT makes use of an
empirical model.
ForeCAT uses a three-phase propagation model for the radial dynamics. Similar
to the three-phase model in Zhang & Dere (2006), the ForeCAT CME begins with
a slow rise phase, followed by rapid acceleration, and finally constant propagation.
ForeCAT uses a constant velocity for the initiation and propagation phase and a con-
stant acceleration in the acceleration phase. We define the radial distance Rga where
the CME transitions from the gradual to acceleration phase; Rap is likewise defined
where the CME transitions from the acceleration to propagation phase. We assume
that the initiation phase lasts until the center of the CME cross section reaches a
distance Rga = 1.5R¯ and then the acceleration occurs until Rap = 3.0R¯. These
values are representative of the observed distances at which CMEs begin rapidly
accelerating and transitioning to constant propagation (Zhang et al., 2004). Fore-
CAT uses a single representative value for each transition, as well as a constant
value for the gradual velocity of the CME in the initiation phase, vg = 80 km s
−1.
Zhang & Dere (2006) observe vg between tens of km s
−1 up to 100 km s−1. When
comparing ForeCAT results with observed CMEs, such as in Chapter 4, these pa-
rameters are adjusted to match the observed values. Additionally, in section 3.2.1
we explore the sensitivity of the ForeCAT results to the parameters Rga, Rap, and
vg.
Given the above assumptions, the CME’s radial propagation is described by its
final velocity, vf , at the propagation phase. From the kinematic evolution of the
CME during the acceleration phase we obtain:
v2f = v
2
g + 2a(1.5R¯), (2.12)
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which corresponds to an acceleration, a, equal to
a =
v2f − v2g
3R¯
. (2.13)
This equation allows us to describe the CME’s radial velocity over time as
vr = vg 1.0R¯ ≤ R ≤ Rga (2.14)
vr = vg + 0.5a(t− tga) Rga ≤ R ≤ Rap
vr = vf R ≥ Rap
where tga is the time at which the CME reaches Rga. Equation 2.10 produces CME
velocity profiles similar to those in Figure 1 of Zhang & Dere (2006), with the ex-
ception of the flat initial and propagation phases.
2.1.4 CME Expansion
This first version of ForeCAT used the MSOE model’s description of CME ex-
pansion (Siscoe et al., 2006). The MSOE model modifies a classical hydrodynamic
solution for an overpressure of a spherical cavity. The hydrodynamic solution (see
Milne-Thomson (1968)) is driven by an adiabatic gas overpressure that can be treated
as a fluid “source.” Siscoe et al. (2006) change the adiabatic overpressure to a mag-
netic overpressure. The standard fluid momentum equation can be written as
dv
dt
= F− 1
ρ
∇P (2.15)
where v is the velocity, F represents external forces, ρ is the density, and P is pres-
sure. The total velocity derivative has two contributions: the local and convective
components. For incompressible fluids, the convective term becomes (1/2)∇v2. Re-
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arranging gives
∂v
∂t
= −∇
(∫
∂P
ρ
+
1
2
v2
)
, (2.16)
where no external forces are assumed. For an irrotational fluid, the velocity can be
written as the negative gradient of a scalar field (v = −∇φ, note the different use of
φ in this section) so that Equation 2.16 becomes
∇
(∫
∂P
ρ
+
1
2
v2 − ∂φ
∂t
)
= 0 (2.17)
or, integrating,
P
ρ
+
1
2
v2 − ∂φ
∂t
= C(t). (2.18)
The formalism of a fluid source can be used to simplify Equation 2.18. A source
emits 4pim of volume per unit time, where m is the strength of the source. Applying
conservation of mass in 3D and assuming radial velocities (v = vr) gives m = r
2v.
Plugging this quantity into v = −∇φ and integrating both sides with respect to r
yields m = φr or v = φ/r:
P
ρ
=
1
2
(
φ
r
)2
− ∂φ
∂t
= C(t). (2.19)
The spherical overexpanding cavity is considered using the fluid source description.
Assuming at some time the cavity has radius R, at the edge of the cavity (r = R)
the change in the radius is defined to be R′ (the same as v since the velocity is only
radial), which corresponds to φ = RR′ and gives a source strength m = R2R′. The
scalar field then has the following r-dependence
φ =
R2R′
r
, (2.20)
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where r is not just limited to the radius of the cavity. Taking the partial time
derivative of Equation 2.20 and rewriting Equation 2.19 gives
P
ρ
+
1
2
(
R2R′
r2
)2
− R
2R′′ + 2RR′2
r
= 0, (2.21)
where C is set equal to zero because as r goes to infinity the pressure should be
negligible. Looking at r = R
P
ρ
+
1
2
R′2 −RR′′ + 2R′2 = 0 (2.22)
or
R′′ =
1
R
(
P
ρ
− 3
2
R′2
)
. (2.23)
For a cavity dominated by the magnetic pressure, P ∝ B2. For a mainly poloidal
magnetic field B must fall as R−2 to conserve magnetic flux. The pressure then
changes as
P
P0
=
(
R0
R
)4
(2.24)
and assuming a magnetic overpressure
P =
B2CME
8pi
− B
2
SW
8pi
. (2.25)
Dividing by the initial solar wind density ρSW0 gives
P0 = ρSW0
A2h0 − A2SW0
2
, (2.26)
where Ah0 is a hybrid Alfve´n speed using the CME initial overpressure magnetic field
strength and the initial background solar wind density. ASW0 is determined from the
initial solar wind magnetic field and the background solar wind density. Equations
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2.23, 2.24, and 2.26 lead to a final expression
R′′ =
1
R
(
−3
2
R′2 +
ρSW0
ρ
(
R0
R
)4(
A2h0 − A2SW0
2
))
, (2.27)
which can be used to describe the CME expansion by replacing R with the CME’s
cross-sectional radius L. The expansion equation depends on the background solar
wind density ρSW , which requires assuming some solar wind density profile.
2.1.5 Drag
We include non-radial drag as the component of the drag force in the φˆ-direction
that results from the interaction of the CME with the solar wind. ForeCAT does not
explicitly calculate drag in the radial direction since the propagation model describes
a CME’s radial motion. To calculate the non-radial drag, ForeCAT uses the drag
force per unit length, fD
`
, following the form of Cargill et al. (1996) and Cargill (2004),
fD
`
= −2CdLρSW (vCME,nr − vSW,nr) |vCME,nr − vSW,nr| (2.28)
where Cd is the drag coefficient, L is still the cross-section radius of the CME, and
vCME,nr and vSW,nr are respectively the non-radial velocities of the CME and solar
wind. Cargill (2004) uses this equation to describe the radial drag on a CME, but
the same physical process governs drag in all direction. Given the CME volume,
piL2`, we determine the net acceleration from the volumetric force
aD = −2Cd tanh βρSW
piL
vCME,nr|vCME,nr|. (2.29)
In Equation 2.29, the solar wind is approximated as entirely radial so that the non-
radial solar wind velocity term equals zero. Close to the Sun, this approximation is
the least accurate, but it allows ForeCAT to include non-radial drag without invoking
a complete solar wind velocity model.
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The value of the drag coefficient is unknown, but values near unity are typically
used. Forbes et al. (2006) show that a constant drag coefficient results in CME ve-
locities in the low corona that do not match observations. However, the observations
can be reproduced by changing the drag coefficient to have a profile proportional
to tanh β, where β is the plasma beta. We set the drag coefficient to be equal to
Cd tanh β in Equation 2.29, where Cd is a constant near unity. We find the following
form for β versus distance determined from Figure 1.22 of Aschwanden (2005)
β(R) = 2.515(R− 1)1.382 (2.30)
where R has units of solar radii. This expression is determined from coronal values
and rapidly increases unrealistically for large values of R. The tanh β term, however,
is equivalent to one above 10 R¯, so the large values of β do not affect the ForeCAT
results. The actual value of β and its dependence on distance should vary between
ARs, CHs, and the quiet sun. For now, ForeCAT uses the above expression to
limit the number of free parameters. Future work will incorporate thermal pressure
gradients into ForeCAT, and β will be calculated as the ratio of the thermal and
magnetic pressure when ForeCAT includes a full thermodynamic description of the
solar background.
2.1.6 Solar Background Description
ForeCAT uses static descriptions of the background solar magnetic field and the
solar wind density and velocity. This neglects the interaction between the CME and
its environment but greatly reduces the computational difficulty. While ForeCAT
may not perform simulations with the details of more advanced MHD models, it
can run much faster than these models, making it useful for any situation requiring
a large number of cases. In this section we describe the solar background used in
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Kay et al. (2013). Changes in background made in ForeCAT 2.0 are presented in
Section 2.2.
Magnetic Field
To calculate a CME’s deflection, ForeCAT includes the magnetic structure of
various features such as CHs, ARs, and SBs. The background solar magnetic field
therefore is crucial. Two different magnetic field models are explored with the first
version of ForeCAT: a “scaled” background and a PFSS background.
Scaled Background The scaled background uses the background magnetic field
from the output of an MHD steady state solar wind from the SWMF (To´th et al.,
2012; van der Holst et al., 2010) using a magnetogram as an input. Alfve´n waves
drive the background solar wind, and surface Alfve´n wave damping adds heating
(Evans et al., 2012). The magnetic field values from a ring at R = 1.15R¯ within
the deflection plane (defined using the magnetic pressure gradients at a distances of 2
R¯) within ±90◦ of the CME launch location yield discrete points for the magnetic
field strength as a function of angle. By extracting values at low heights, B(φ)
includes the signatures of the solar features (CHs, SBs, and ARs). ForeCAT uses the
MHD background only at 1.15R¯ and uses extrapolations for larger radii based on
observational studies of the solar magnetic field. ForeCAT uses these extrapolations
because, as described below, the MHD solution may fall unrealistically quickly. The
extrapolations differ between AR and non-AR locations, also described below.
The extrapolations for ForeCAT’s magnetic field model result from observations
of the solar magnetic field versus distance. Observational studies of the magnetic field
of ARs fit the profile of the magnetic field versus distance with the form B = B0R
−α.
Dulk & McLean (1978) present a compilation of observational data (including data
from Helios, Mariner 10, and various ground-based solar telescopes) of the magnetic
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field above an AR. The study finds that B = 0.5[(R/R¯) − 1]−1.5 agrees within a
factor of three for all the observations. Patzold et al. (1987) use Helios measurements
of Faraday rotation and find a best fit between 3 and 10 R¯ using a combination
of α = 2 and α = 3. More recent Faraday rotation measurements have been ac-
quired for R between 6.2R¯ and 7.1R¯ using the Very Large Array, which agree
with a coefficient of α = 1.3 (Spangler, 2005). In order to study shock develop-
ment in the corona, Mann et al. (2003) use a background magnetic field combining
a R−2 term for the quiet sun (QS) and a dipole term (∝ R−3) to represent the ARs.
Gopalswamy & Yashiro (2011) use the standoff distance of CME-driven shocks to
determine the magnetic field profile between 6 and 23R¯ and find good agreement
with the results of Dulk & McLean (1978) and Spangler (2005).
Fig. 2.5: (a) Scaled model background magnetic field at different heights in the
deflection plane. Dashed black lines represent the scaled model for the angular de-
pendence of the magnetic field strength between 1.15 R¯ and 2.5 R¯ , and solid
red lines indicate the results from the MHD simulation. Solar features such as a
coronal hole (CH), active region, and the streamer belt (SB) are labeled at their
location at 1.15R¯. The asymmetry between the magnitude of B at the minima
corresponding to the SB and CH causes a global gradient that drives the CME de-
flection. The MHD model magnetic field strength falls quicker with distance than
the scaled model. Panel (b) shows the PFSS model in blue and the MHD model
in red. Both models show the angular magnetic profile changing with distance; the
minima at 1.15R¯ are not the same as the minima at farther distances.
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Fitting polynomials to the points from the MHD simulation allows for general-
ization of the discrete magnetic field points to a function that can be used for all φ
angles. In addition, these fits allow for calculation of the analytic derivatives. Sepa-
rate polynomials describe the AR and the QS (defined as the region outside of the
AR in this context). The ranges of the polynomials are determined by the location
of local maxima and minima in B(φ); having the polynomials break at inflection
points provides the best fit. First, polynomials are fit to the QS, yielding a function
BQS(R, φ). The QS magnetic field is then subtracted from the MHD result, and then
the AR polynomials, BAR(R, φ), are fit to the residual magnetic field. Figure 2.5(a)
shows the simulation data (solid red line), as well as the sum of the QS and AR
best-fit polynomials (dashed black line) for B(R = 1.15R¯,φ), for -90◦≤ φ ≤ 90.◦
Within the deflection plane, the AR corresponds to two local maxima in B(φ)
(not noticeable in Figure 2.5 but evident in FigureFC1BAR) whereas both the SB and
CH represent local minima. The center of the AR is a local minimum corresponding
to the polarity inversion line (PIL) located in between the two maxima corresponding
to the opposite polarity flux systems. A weaker magnetic field exists at the SB
minimum than at the CH minimum, and this asymmetry produces the gradients that
drive deflection. This example contains strong gradients due to the proximity of the
CH and the SB. Any coronal configuration will have gradients leading to deflection;
the magnitude of the deflection depends on the magnitude of the gradients.
Scaling the values from 1.15R¯ determines the background magnetic field
strength at other radii. The scaled magnetic field model treats the AR like a dipole so
that the magnetic field falls as R−3. Outside the AR, the model uses the R−2 depen-
dence commonly used for open field lines. This combination of scaling is the same as
that of Mann et al. (2003). Equation 2.31 gives the ForeCAT scaled magnetic field:
B(R, φ) = BQS(1.15R¯, φ)
(
1.15R¯
R
)2
+BAR(1.15R¯, φ)
(
1.15R¯
R
)3
. (2.31)
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Mann et al. (2003) use type II radio bursts to infer the behavior of the back-
ground solar magnetic field. Type II radio bursts are believed to result from shock
waves propagating outward in the corona (Nelson & Melrose, 1985). The speed of
the disturbance driving the shock can be used to infer the background fast mode
speed, typically assumed to be equivalent to the Alfve´n speed. The Alfve´n speed can
be used to determine the background magnetic field strength. Mann et al. (2003)
compare the Alfve´n profile from their magnetic field model and the general behavior
of type II radio bursts. The combination of a scaling of R−2 and R−3 yields favorable
comparison to the type II radio observations. In particular, the model produces an
Alfve´n profile with a local minimum and maximum in the low corona that allows
for the formation, decay, and reformation of shocks within 6R¯, reproducing a two-
shock wave behavior seen in some type II radio observations (Gopalswamy & Kaiser,
2002).
Figure 2.5(a) shows the scaled model magnetic field strength for several different
radii (R = 1.5, 2.0, and 2.5R¯). As radius increases, the signatures of the individual
solar features weaken, but are still present at 2.5R¯. The MHD results for 1.5R¯
are also included.
ForeCAT uses analytic fits to observations rather than the results of MHD
simulations because for R < 2.5R¯, as seen in Figure 2.5(a), the MHD magnetic field
strength decreases more rapidly with distance than do the observations, closer to R−6
or R−8 depending on the region (CH or SB versus AR). Recent advances in the MHD
model have included a two-temperature (electron and proton) formalism, including
the effects of field-aligned heat conduction, radiative cooling, collisional coupling, and
wave heating (Downs et al., 2010; van der Holst et al., 2010; Sokolov et al., 2013). In
addition, a Finite Difference Iterative Potential Solver (To´th et al., 2011) can be used
to initialize the magnetic field in place of the spherical harmonic expansion approach.
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These advances, however, do not ameliorate the rapid decrease of the magnetic field
magnitude with radial distance.
Beyond 2.5R¯, the MHD magnetic field falls as the expected R−2 for open field
lines, but, as discussed in 3.2.2, the deflection of the CME depends crucially on the
magnetic field below these distances. The rapid decrease of the magnetic field in
MHD simulations will lead to an underestimate of the magnetic deflection, which
could explain the discrepancy between the observed and simulated CME deflections
in Lugaz et al. (2011). Evans et al. (2008) show that the steepness of the MHD
profiles would allow slow CMEs to drive shocks low in the corona and that the
Alfve´n speed profiles do not have the characteristic “valley” and “hump” shape seen
in analytic models. Using a scaled model, we capture a slower decrease of B with
distance, consistent with some type II radio observations. However, this model does
not allow a change with distance in the angular position of coronal structures such
as the SB.
PFSS Background PFSS models were first used to describe the solar magnetic
field in the late 1960’s (Altschuler & Newkirk, 1969; Schatten et al., 1969). If the
magnetic field is assumed to be potential, it can be described using a sum of Legendre
polynomials. The harmonic coefficients can be determined from a magnetogram
under the assumption that the magnetic field becomes entirely radial at the source
surface height RSS. The magnetic field at any location can be calculated using the
harmonic coefficients. The literature contains extensive discussion of the details
of PFSS calculations and the model’s ability to reproduce the observed conditions
(Hoeksema et al., 1982; Luhmann et al., 2002; Neugebauer et al., 1998; Riley et al.,
2006; Wang & Sheeley, 1992; Wang, 1993).
ForeCAT uses the PFSS magnetic field calculated using data from the Michelson
Doppler Imager on SOHO (Scherrer et al., 1995). We assume the standard source
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surface height of 2.5R¯ , and use harmonic coefficients up to order 90. Higher order
polynomials represent spatially smaller features and decay faster with distance.
Since the magnetic field strength that drive ForeCAT deflection is strongest
close to the Sun, not including the small scale features, such as done in the scaled
magnetic background, could make a difference in the CME deflection. We have
already shown in Figure 2.5(a) that the scaled magnetic background and the MHD
background behave differently; the scaled model cannot capture the same details as
the MHD model. We show in Figure 2.5(b) that the MHD and PFSS model, which
can be easily coupled with ForeCAT, behave similarly over at all distances. This
agreement has been previously seen in Riley et al. (2006). Figure 2.5(b) shows the
PFSS magnetic field (blue) as well as the MHD results (red) for R = 1.05, 1.15,
2.0, and 2.5R¯ within ±50◦ of the location from which the CME launches. Both
models also show a clear change in the angular magnetic field profile with distance,
an effect that the scaled model cannot capture. The “rigid” magnetic minima of
the scaled model exists at 1.15R¯ , but at 2.5R¯ the formation of the HCS near
-5◦ causes a different magnetic minimum. This change of the magnetic minimum
can affect the direction of the CME’s magnetic deflection. The PFSS model and the
MHD model fall similarly with distance. The PFSS background will underestimate
magnetic forces compared to the scaled background.
Solar Wind Density and Velocity
ForeCAT uses the expression for density from Chen (1996), also used by
Siscoe et al. (2006):
ρSW (R) = 6.68×10−16
[
3
(
R¯
R
)12
+
(
R¯
R
)4]
+3.84×10−19
(
R¯
R
)2
g cm−3. (2.32)
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We scale down the CH regions by a constant value as ρCH(R) = 0.25ρSW (R), which
produces a CH density profile closer to that of observations (Guhathakurta & Fisher,
1998; Doyle et al., 1999). The value 0.25 results from assuming a constant mass flux
and a solar wind speed for the fast wind that is roughly double the slow wind velocity
(McComas et al., 2000).
Fig. 2.6: Radial density profiles for the analytic model and the results of the MHD
simulation. In the low corona, the analytic model exceeds the MHD profiles from
above an active region (red), coronal hole (blue), and the streamer belt (green). Near
the edge of the MHD domain, better agreement is found between the models.
Figure 2.6 shows the analytic density model and several radial profiles from
a MHD simulation, the same simulation shown in Figures 2.2, 2.3, and 2.5. The
details of the simulation are discussed in Section 2.1.6. The MHD profiles come
from different locations above an AR (red), a CH (blue), and the SB (green). The
analytic model described above (solid black) is shown in addition to the scaled CH
analytic model (dashed black). Close to the Sun, the analytic model exceeds the
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MHD solution by nearly an order of magnitude. Near 20R¯, the outer boundary of
the MHD simulation domain, the analytic and MHD profiles for the SB and CH are
in better agreement. However, some discrepancy still exists for the AR. The effects
of the chosen analytic density profile are explored in Section 2.2.5.
2.1.7 Scaled Model Results
Equations 2.9, 2.14, and 2.27 together describe the evolution of the CME as it
propagates away from the Sun, forming the basis of the ForeCAT model. Initializing
the equations requires values for the initial cross-sectional radius of the CME within
the deflection plane, L0, the initial distance, r0, the CME mass, MCME, the final
propagation velocity, vg, and the magnetic field strength of the CME that causes
the initial overpressure, B0. We assume that the angle α equals zero throughout the
simulation (no draping outside of the deflection plane) and therefore find a maximum
deflection. ForeCAT also requires the background magnetic field configuration. Fore-
CAT integrates these equations numerically using a second-order Taylor expansion
for the position so that the error is of order ∆t2. ForeCAT yields a deflection of the
CPA over time, as well as the trajectory of the CME as it deflects.
In the control case, the following values are chosen for the free parameters of
ForeCAT: MCME = 10
15 g, vg = 475 km s
−1, L0 = 0.15R¯, and B0 = 15 G. These
input parameters represent an average CME mass, and the velocity corresponds to
the mean value from the Gopalswamy et al. (2009b) analysis of the SOHO/LASCO
survey of CMEs initiated before the end of 2006. Siscoe et al. (2006) use a similar
value of CME magnetic field strength, although this value is slightly larger than the
observed CME value in Tun & Vourlidas (2013). The CME begins at a height of
0.25R¯ . The model thus captures some of the gradual rise phase of radial propaga-
tion.
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The CME launches from AR 0758 of CR 2029. This situation corresponds to
the magnetic background shown in Figure 2.5, in this case using a scaled magnetic
background. The deflection plane was defined using the magnetic pressure gradient
at 2R¯at a latitude of -8◦and a Carrington longitude of 130.6.◦ Strong gradients that
exist between the SB and CH should cause a large deflection. Figure 2.7(a) shows the
CME’s propagation out to a distance of about 10R¯ in a deflection plane Cartesian
coordinate system with the Sun at the origin. The figure shows the diameter of the
CME parallel to the y-axis (shown with a red line in Figure 2.4) in one minute time
steps. Figure 2.7(b) shows the CPA (Equation 2.11) of the CME versus distance out
to 1 AU.
Fig. 2.7: ForeCAT results for the deflection of the control case. The model yields
a total deflection of -27◦ , which corresponds to a change of -8.1◦ in latitude and
-26.4◦ in longitude. Panel (a) shows a subsection of the trajectory close to the Sun,
highlighting the deflection within 10R¯ by showing the diameter of the CME cross
section parallel to the y-axis (the red line in Figure 2.4). Panel (b) shows the evolution
of the CPA of the CME out to 1 AU.
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The CME deflects -27◦ in the deflection plane during propagation out to 1 AU.
This deflection is equivalent to a change of -8.1◦ in latitude and -26.4◦ in longitude.
The majority of the deflection occurs while the CME is in the gradual rise and
acceleration phases (below 3R¯). By 5 R¯, the CME comes close to a constant
angular position; the CPA changes less than 1◦ between 5R¯ and 1 AU. Figure
2.7(b) shows that beyond 10R¯, the CME’s angular motion reverses direction. This
motion causes a change in the CPA of less than a degree and can be explained by a
change in the direction of the forces acting upon the CME.
The net deflection force comes from summing over the two CME edges. Figure
2.8 shows the magnetic tension and magnetic pressure gradient force in red and blue,
respectively, versus distance from the center of the Sun. The figure also shows the to-
tal force (tension plus pressure gradient) in black. Figure 2.8 highlights the strongest
forces, which occur close to the Sun. Beyond 1.7R¯, the forces have decreased by
several orders of magnitude from the values during the first few time-steps and are
not included in the figure. The force continues to decrease as the magnetic field
decreases with distance.
Initially, both the magnetic tension and magnetic pressure gradients force the
CME toward the SB, the tension force being about twice as strong as the magnetic
pressure gradient force. The CME motion can be explained by considering the angu-
lar magnetic profiles in Figure 2.5 as a series of potential barriers and wells since the
deflection forces all depend on the magnetic field strength. Initially, the magnetic
pressure gradient force at the edge of the CH (hereafter, the CH edge) points toward
the CH because of the strong magnetic field of the AR. The magnetic pressure gra-
dient force of the edge near the SB (hereafter, the SB edge) points toward the SB
initially. Because of the strong gradients near the SB, the magnetic pressure gradient
force on the SB edge has a larger magnitude than the force on the CH edge so the
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Fig. 2.8: Net forces acting on the CME. The net magnetic tension is shown in red,
the net magnetic pressure gradients are shown in blue, and the sum is shown in black.
net magnetic pressure gradient force points toward the SB. The tension force always
points toward the CME center for each edge so the direction of the total tension force
will always be toward the edge in the weakest background magnetic field. Initially,
the net magnetic tension points toward the SB. Both of these forces cause the CME
to start moving toward the SB.
As the CME moves toward the SB, the CH edge will interact with the potential
barrier of the AR. The CH edge starts close to the AR maximum so it quickly reaches
the peak in B(φ) when the CME is at a distance of 1.26R¯. After crossing the peak,
the magnetic pressure gradient force on the CH edge changes sign as the edge moves
toward the PIL. This force again changes direction as the CH edge crosses the PIL,
then makes one final change at 1.36R¯ as it crosses the second maxima of the AR and
continues the motion toward the SB. Until 1.34R¯ , the magnetic pressure gradient
force on the SB edge continues to point toward the SB. The SB edge then crosses
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the minimum in B(φ) at the SB so the magnetic pressure gradient force switches
direction. The CME continues to move toward the SB until the SB edge pushes far
enough into the SB potential well for the forces on the SB edge to overcome the forces
on the CH edge. After decelerating the SB-directed motion, the magnetic pressure
gradient forces cause the CME to begin to move away from the SB. By the time this
process occurs, the CME is several solar radii from the Sun so the force is minimal
compared to the forces that initiated the deflection process. However, this process
does cause the CPA to change by a little less than a degree between 5R¯ and 1 AU.
The edge positions also affect the contribution of the magnetic tension force.
The tension force does not vary substantially as a result of the the CH edge’s motion
through the PIL. Until the CPA reaches the SB, the CH edge remains in a higher
background magnetic field strength than the SB edge so the tension force always
pushes the CME toward the SB. The tension force decreases quickly with both time
and distance as the CME expands and moves away from the Sun toward regions of
lower magnetic field strength.
CMEs deflected only as a result of magnetic forces will always head toward the
minima in the magnetic field. Observations have shown that CMEs do tend to head
toward the HCS (Kilpua et al., 2009; Gui et al., 2011; Shen et al., 2011). For the
control case, the magnetic background possesses strong global magnetic gradients.
These gradients cause the CME to reach the SB, which eventually transitions into
the HCS. For other CRs with weaker global magnetic gradients, this might not be the
case. The model is also limited by the inclusion of only magnetic deflection forces.
Other factors, not included in ForeCAT, such as interactions with other CMEs, effects
of spatial variations in the solar wind speed and density, or reconnection, may still
affect observed CMEs.
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Before further exploring the ForeCAT results, we seek to clarify the physical
interpretation of deflection toward the magnetic minimum. Deflection can also be
conceptualized in terms of the solar magnetic topology. The majority of CMEs
originate within the closed magnetic field of the streamer belt. Unless significant
reconnection occurs, these CMEs cannot “escape” the closed field region. This causes
the CMEs to be funneled toward the HCS, and the CMEs naturally become bubbles
embedded in the HCS. The amount of deflection then determines whether the CME
represents an asymmetrically or a symmetrically embedded bubble with respect to
the center of the HCS. Only in rare cases, likely for only very fast, massive CMEs,
will a CME escape into an open field region, and the deflection toward the HCS
actually implies movement toward it from some external location.
2.1.8 PFSS Model Results
We run the control case using a PFSS background to see the effects of the
position of the SB varying with height. The PFSS model uses the same set of
coefficients as used to initialize the MHD solution. As seen in Figure 2.5(b) at
2.5R¯, the HCS forms around -5◦, over 20◦ away from the minimum in the scaled
background. Figure 2.9 compares the CPA versus distance for the control case with
the PFSS background (in black) and the scaled background (in blue).
The PFSS control case deflects -4.4◦, a deflection of -1.6◦ in and -4.1◦ in longi-
tude. As seen in the scaled case, the CME deflects to the minimum in the magnetic
field strength but that position has changed because of the nature of the PFSS model.
The forces of the PFSS model, decrease much quicker with radial distance than the
scaled model, which cause the CME to not reach the magnetic minimum. In this
case, however, the magnetic minimum moves closer to the initial CME position and
the CME reaches it. For cases where the magnetic minimum is further from the ini-
tial CME position, the rapid decrease in forces could cause the CME to only deflect
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Fig. 2.9: Central position angle (CPA) versus distance for the control case with
two different magnetic backgrounds: a PFSS background in black and the scaled
background in blue. The dashed lines show each background run without including
the effects of nonradial drag.
in the direction of the minimum, not fully to it. We further explore the sensitivity of
the deflection to the magnetic background with ForeCAT 2.0. To better understand
the difference between the models requires comparisons within a background with
weaker gradients or where the magnetic minimum is farther from the initial CME
location.
We will also explore the effects of the nonradial drag force. The deflection
is sensitive to the chosen drag coefficient, but complete exclusion of the nonradial
drag produces even more variation. Figure 2.9 includes both PFSS and scaled runs
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without drag as dashed lines. The effect for the PFSS case is smaller since the total
deflection is smaller, but for the scaled model we see a difference of nearly 30◦ in the
cases with and without nonradial drag.
2.1.9 Effects of Active Regions
We explore here the effects that an AR can have on a CME’s deflection. We
define a new deflection plane based on the orientation of the AR. Close to the Sun,
the magnetic pressure gradients exhibit complex behavior (Figure 2.2) and cannot be
used to define the deflection plane. Deflection from an AR will result from imbalances
between the different polarity flux systems of the AR. We define the overall gradient of
the AR using the positions of the point within each polarity containing the strongest
magnetic field. This gradient replaces the gradient vector in the deflection plane
calculation. Figure 2.10 shows the scaled magnetic profile within the deflection plane
calculated using this AR vector, analogous to Figure 2.5(a).
The MHD model does not capture the full complexity of the magnetic field in an
AR, but it does include some variation between the opposite polarity flux systems,
which is more pronounced in this plane than in the original deflection plane. The
system near the CH has a stronger magnetic field than the system near the SB, and
the magnetic field decreases near the PIL between the two systems.
The results presented here use the control cases parameters, but launch from
φ =0◦ within the new deflection plane, close to the local minimum corresponding
to the PIL. This CME is deflected -24.6◦ during propagation to 1 AU. The global
magnetic gradients still contribute within this plane and the heightened asymmetry
between the opposite polarity flux systems drive additional deflection. As a result,
we determine that, close to the Sun, it may be necessary to redefine the deflection
plane throughout the CME’s propagation if we wish to accurately predict the CME’s
deflection.
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Fig. 2.10: Same as Figure 2.5(a), but for the magnetic field within the AR deflection
plane. The magnetic field has a local minimum at the PIL in between the two maxima
corresponding to the two contributing flux systems of the AR. The system closest to
the CH has a stronger magnetic field than the system near the SB within this plane.
2.2 Changes Made for ForeCAT 2.0
The first version of ForeCAT, ForeCAT 1.0, presented in Kay et al. (2013),
determined the deflection of a cross section of a CME within a two-dimensional (2D)
deflection plane. The primary difference between ForeCAT 1.0 and ForeCAT 2.0
is that in ForeCAT 2.0 (Kay et al., 2015b) we determine the full three-dimensional
motion. The CME is no longer restricted to a single deflection plane. We also utilize
a two-dimensional grid on the surface of the three-dimensional CME and have made
changes to the CME expansion model and the background solar wind and magnetic
field models. Additionally, we can include CME rotation resulting from differential
forces along the CME axis. We describe the changes and compare the effect of each
change with the results from ForeCAT 1.0 below.
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2.2.1 2D to 3D
ForeCAT represents the flux rope of a CME using a 3D torus that we assume
persists out to 1 AU. This representation of a flux rope is similar to many other
models, including those of Gibson & Low (1998), Titov & De´moulin (1999), Chen
(1996), and Thernisien et al. (2006). ForeCAT makes no explicit assumptions about
the CME magnetic field. Observations of magnetic clouds (MCs) with smoothly
rotating magnetic field suggest that CMEs can maintain a flux-rope-like structure
out to 1 AU (Burlaga et al., 1981; Klein & Burlaga, 1982; Cane & Richardson, 2003).
Vandas et al. (2002) perform an MHD simulation of a flux rope between 30 R¯ and
1 AU. Their flux rope shows some deformation but retains a predominantly torus-
like structure out to 1 AU, and their simulated in situ observations reproduce the
characteristics of a MC. Additionally, observations of the flux rope from a single
CME at multiple spacecraft (Mo¨stl et al., 2012) support the presence of an extended
torus throughout a CME’s propagation.
New CME Representation
Figure 2.11 shows ForeCAT’s toroidal flux rope structure. The toroidal axis
traces out a half-ellipse (left panel) and the torus has a circular cross section. Note
that we numerically only represent the front of the CME with this half-torus. For
an actual CME the legs continue back to the surface of the Sun, there is no sudden
truncation. ForeCAT’s initial CME shape is completely specified by three parame-
ters: a, b, and c. The parameters a and c represent the axes of the ellipse formed
by the toroidal axis- a is defined as the axis in the direction of the nose of the CME
(the point on the surface of the torus with greatest radial distance) and c is in the
perpendicular direction (toward the flanks). The cross section is described by the
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radius b. The parameter d specifies the initial radial distance from the center of the
Sun to the center of the CME.
Fig. 2.11: Diagram showing two side views and one top view of ForeCAT’s toroidal
flux rope structure (gray shaded region). The torus shape is defined by the height,
a, width, c, and cross-sectional width b. The parameter d describes the distance
between the center of the Sun and the origin, O, of the torus. The blue dots indicate
the grid points at which ForeCAT calculates the deflection forces. The angles αT and
αP determine the spacing of the grid points in the toroidal and poloidal directions,
and the coordinate axes show the toroidal (t), poloidal (p), and normal (n) directions.
ForeCAT represents the flux rope structure numerically as a grid on the face
of the torus with fifteen points in the toroidal direction and thirteen points in the
poloidal direction for a total grid consisting of 195 points (blue dots in Fig. 2.11,
shown for a 5x3 grid). The deflection is sensitive to the actual number of points,
however the solution converges for grids as large as 15x13, which is the grid we use
throughout this work.
The poloidal direction corresponds to the angular polar coordinate of the cir-
cular cross section. The toroidal direction parallels the toroidal axis that intersects
the center of every circular cross section (the origin of the polar coordinate system).
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The normal direction is perpendicular to the torus surface. This coordinate system
is shown in the left panel of Fig. 2.11. The center grid point is at the nose of the
CME so that the grid is symmetric about the nose of the torus. We do not include
any points on the side of the CME closest to the Sun as our steady state solar wind
description will not accurately describe the region behind the CME that has been
perturbed from the steady state by the passage of the CME.
The initial torus position is specified by the latitude and longitude of the nose
and a tilt angle that defines the orientation. We define the tilt angle as the angle
between the plane containing the toroidal CME axis and the equatorial plane so
that a tilt of 0◦ corresponds to a horizontal flux rope and a tilt of 90◦ corresponds
to a vertical flux rope. The angle is defined so that positive angles correspond to
counterclockwise rotation away from a horizontal flux rope. When initiating CMEs
in ForeCAT we determine the initial position, orientation, and length (c) by aligning
the initial torus with polarity inversion lines (PILs), sites where flux ropes would
likely form. Without detailed observations of the initial flux ropes we approximate a
as equal to c and set b to 0.2 c and d to 1.05 R¯. We explore ForeCAT’s sensitivity
to the initial shape in section 3.3.
Deflection Forces and Equations of Motion
The change from a two-dimensional cross section to representing the front sur-
face of a three-dimensional torus leads to changes in the way the deflection forces
are determined. As before, the magnetic deflection force is determined from both
components of the Lorentz force: magnetic pressure and magnetic tension. Many of
the simplifications from the previous version still exist. We use a static model of the
solar magnetic field and approximate the draping of the magnetic field around the
CME to determine the Lorentz force from the background magnetic field. The full
details of the determination of the draping and the corresponding magnetic forces
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can be found in Appendix A. We do not include any enhancements in the magnetic
field from the CME expansion compressing the surrounding solar wind, making our
forces lower limits, nor any rotation in the magnetic field due to CME driven shocks
(Liu et al., 2011).
The new torus shape also leads to a change in the CME’s equations of motion.
The deflection forces, F, are volumetric forces that describe the acceleration, a, of a
single point within a fluid with density ρ
F = ρa. (2.33)
This equation must be integrated over the full CME volume to determine the accel-
eration of the CME mass, MCME. With discretized grid points, the integral over the
CME volume can be expressed as a sum of the volumetric forces multiplied by the
corresponding volume element, ∆V∫
FdV ≈
∑
F∆V =MCME a. (2.34)
This requires summing the forces over the full volume of the CME. Since ForeCAT
only determines the forces on the front surface of the CME, instead, we determine the
average volumetric force from the surface forces. We then determine the acceleration
using Eq. 2.33 with the average CME density. The drag forces results from a surface
integral over the CME rather than the full CME volume so we do not calculate it
for each grid point. We determine the average volumetric drag force as the CME
density times Eq. 2.29 and the non-radial CME acceleration is
a =
1
ρCME
(
1
N
N∑
(FG + FT ) + FD
)
(2.35)
where N is the number of grid points, in this case 195. Eq. 2.35, combined with the
radial propagation model, determines the motion of the CME. The new position of
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the CME nose is calculated as
x(t+∆t) = x(t) + (vnr(t) + vprop(t))∆t+ 0.5a(t)∆t
2 (2.36)
where t and t +∆t refer to the current and following time step and vnr is the non-
radial velocity representing the combined effects of deflection and drag. We use a
time step of 0.1 minutes, as this was found to be the minimum time necessary to
achieve convergence of the model output. We calculate the new center position and
remaining grid points using the calculated nose position and CME size.
We assume that vnr remains in the non-radial direction. As the CME deflects,
the non-radial direction changes, and vnr changes accordingly. As the CME propa-
gates in the radial direction, angular momentum should be conserved in the absence
of any deflection forces. ForeCAT 2.0 determines the CME’s angular momentum,
L = MCMEvnrR, which remains constant between consecutive time steps before the
effects of the deflection forces are included. Setting L(t+∆t) = L(t) yields
vnr(t+∆t) = vnr(t)
R(t)
R(t+∆t)
. (2.37)
The full change in vnr includes the acceleration term from the deflection forces
vnr(t+∆t) = vnr(t)
R(t)
R(t+∆t)
+ a(t)∆t. (2.38)
When neither drag nor deflection forces can noticeably influence the CME’s
motion, it will continue to deflect through interplanetary space with constant angular
momentum, L. Equation 2.38 shows that the magnitude of the deflection velocity,
vnr decreases as 1/R when angular momentum is conserved. This velocity can be
converted to an angular velocity ω = vnr/R. Expressing the angular velocity in terms
72
of the time derivative of an angular position, θ, we find
ω =
dθ
dt
= vnr,0
R0
R2
(2.39)
where vnr,0 is the deflection velocity at the time the angular momentum stops chang-
ing, which occurs at some radial distance, R0. The time derivative can be converted
into a radial derivative using the CME’s radial velocity, vCME, if we assume constant
radial propagation.
dR = vCMEdt. (2.40)
This yields
dθ
dR
=
vnr,0
vCME
R0
R2
(2.41)
which integrates to
θ(R) = θ0 +
vnr,0R0
vCME
(
1
R0
− 1
R
) (2.42)
where θ0 is the angular position at R0. Both the latitudinal and longitudinal motion
should behave as Eq. 2.42 when angular momentum is conserved. This equation
should be used to test whether observed CMEs are actively accelerated versus simply
propagating with the angular momentum obtained in the low corona.
Figure 2.12 compares the new deflection with the ForeCAT 1.0 (black line,
hereafter K13) results as the new effects are incorporated one at a time. To replicate
the K13 results as best as possible, we first use a 1x3 grid (an odd number of points are
required in the poloidal direction), place the CME at the same location with the same
tilt as K13, use the expansion from the MSOE model and the Chen (1996) density
model, and do not include the effects of solar rotation or CME rotation. The only
differences between this version, hereafter Case 1, shown in red in Fig. 2.12, and the
K13 version is the freedom from the deflection plane and the enforced decrease in the
deflection velocity to conserve angular momentum. We immediately see a significant
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Fig. 2.12: Effect of ForeCAT model changes and comparison with the results of
Kay et al. (2013)(dashed black) line. The top panels show the change in CME lat-
itude (top) and longitude (middle) and the bottom panel shows the change in tilt
due to CME rotation. See text for the color scheme.
difference in the CME deflection. The K13 CME was forced to move in the direction
of the global magnetic gradients at 2 R¯, however this direction is not aligned with
the direction of the local magnetic gradients lower in the corona. The K13 CME
only experienced the component of the local gradients pointing in the same direction
as the global gradients. This forced the CME to quickly move toward the magnetic
minimum at the HCS, then stop its motion as its momentum carried it toward the
opposite side of the magnetic potential well at the HCS. Case 1 is free to deflect in
the direction of the local magnetic gradients and begins deflecting to the northeast,
nearly perpendicular to the southeastern motion of the K13 CME. Since Case 1
experiences the full magnetic force in the low corona, opposed to the deflection plane
component, it deflects more than the K13 CME. This initial northeastern deflection
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causes the CME to move along the HCS at further distances, rather than moving
directly into in and being trapped by the potential well.
2.2.2 Larger Grid to Better Represent Flux Rope
We next consider the effect of having a higher resolution grid covering the front
of the CME, rather than a single cross section near the CME nose. Case 2, shown
in orange in Fig. 2.12, is the same as Case 1, but the grid has been changed to the
standard 15x13 grid used in this work. The change in grid causes only a small increase
in the longitudinal deflection but a noticeable change in the latitudinal motion. The
latitudinal motion initially begins in the same direction as before, but at a lower rate.
The latitudinal deflection then reverses, and the CME moves slightly past its initial
latitude. The CME deflects according to the average force from all grid points, so
increasing the number of grid points decreases the relative contribution of any single
grid point. A large number of grid points averages out any extreme values and tends
to cause smaller average forces. The deflection tends to decrease as the number of
grid point increases with the rate of change decreasing until convergence near a 15x13
grid.
2.2.3 Flux Rope Placement
Compared with Kay et al. (2013), the CME is now more precisely placed at a
polarity inversion line in either an active region or the quiet Sun. Aligning the CME
with a polarity inversion line minimizes the initial forces so that the CME starts in a
near-equilibrium state. A Graphical User Interface (GUI) was developed to facilitate
placement of the CME flux rope. Figure 2.13 shows the GUI and how it can be used
to determine the initial position and size of a flux rope (white line).
The new CME position corresponds to a slight change in the initial location
from K13 and a larger change in the tilt. Case 3 (yellow line in Fig. 2.12) is the
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Fig. 2.13: Use of the GUI to determine the initial placement of a CME flux rope.
The white line representing the flux rope is aligned with a polarity inversion line.
The GUI shows the corresponding latitude, longitude, tilt, and length (same as shape
parameter c), which can be used to initiate ForeCAT simulations.
same as Case 2, but with the updated initial position and tilt. This causes a minor
difference in the longitudinal motion and an increase in the latitudinal deflection
with the result being more similar to Case 1 than Case 2. This change is primarily
due to the 23◦ change in the tilt of the CME.
2.2.4 CME Expansion Model
In ForeCAT 2.0, we assume CMEs expand self-similarly. The CME shape pa-
rameters, a, b, and c scale linearly with the CME distance, d. The previous version
of ForeCAT used the MSOE model (Siscoe et al., 2006). The MSOE model produces
overexpansion in the low corona. The resulting expansion, however, tends to ex-
ceed that of observations (A. Vourlidas 2015, personal communication). ForeCAT is
highly flexible so that the expansion and propagation models can easily be replaced
with either empirical relations or more sophisticated physics-based models. In the
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future, ForeCAT will use physics-based models to determine the propagation and ex-
pansion from the magnetic field of the CME, but to begin understanding the general
properties of CME deflections we proceed with these simplified models.
Case 4, the green line in Fig. 2.12, is the same as Case 3, but with self-
similar expansion instead of the MSOE model. The MSOE model causes rapid
overexpansion below 2R¯ followed by a gradual decrease in the angular size of the
CME at further distances. For this case, we find very little difference between the
two expansion models, with a slight decrease in the deflection for the self-similar
model which expands less at small distances.
2.2.5 Solar Wind Density Model
For the background solar wind density model of ForeCAT 2.0, we use the results
of Guhathakurta et al. (2006), hereafter G06, which allows us to better describe the
three dimensional effects due to the location of the CHs and SB. ForeCAT 1.0 used the
one-dimensional density model of Chen (1996). In addition to the spatial variations,
the G06 and Chen (1996) density models vary by nearly an order of magnitude in
the low corona.
G06 describes the solar wind density in two dimensions as
N(R, θ) = Np(R) + [Ncs(R)−Np(R)]e−λ2/w2 (2.43)
where θ is the latitude, R is the radial distance, λ is the angular distance from the
HCS, and w is an angular width describing the range of the influence of the HCS
on the density, set equal to 34◦ in G06. Np and Ncs, which respectively describe the
radial evolution of the polar and current sheet density, are of the form
Nx = a1e
a2z+a6z2z2[1 + a3z + a4z
2 + a5z
3] (2.44)
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where z equals 1/R. At any given distance this form produces nearly constant
density in the poles and smooth variation toward the current sheet. G06 determine
the polynomial coefficients from a combination of white light coronagraph images
from both Mauna Loa, Hawaii and from SOHO/LASCO in the range 1.16-30R¯.
In addition, Ulysses in situ plasma measurements were extrapolated to 1 AU and
provided additional constraints. The data above 34◦ determine the polar coefficients,
and the data between 5◦ and 34◦ determined the current sheet coefficients. This
model works best for solar minimum configuration.
We make several modifications to the two-dimensional G06 model. Instead of
restricting θ and λ to latitudinal distances, we consider both latitude and longitude.
This allows for description of the solar wind density in three dimensions. In addition,
we vary the width of the current sheet region close to the Sun, similar to the earlier
work, Guhathakurta et al. (1996).
To determine the width we use the results of a 3D MHD simulation that pro-
duces a steady state solar wind output of an Alfve´n wave driven solar wind including
the effects of surface Alfve´n wave damping (Evans et al., 2012). We run separate
simulations for the two Carrington Rotations used in this work. To determine the
width, we group the MHD results into 10◦ bins of longitude and fit a Gaussian of the
form e−λ
2/w2 to each bin. Figure 2.14 shows the Gaussian width for each longitude
bin for CR 2029 (red) and CR 2077 (blue) versus distance. Below 2.5R¯, a quadratic
polynomial describing the variation of the width with distance is determined from
the measurements from all bins. The data show significant scatter around this fit,
however no systematic difference occurs between the two CRs. Above 2.5R¯ a con-
stant value is assumed. The top panels of Figure 2.14(b) compare the ForeCAT
2.0 density model (blue lines) with the MHD results at the equator (left) and high
latitude (right). We find good agreement for both cases.
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Fig. 2.14: Fits of Gaussian width versus radial distance. Each point shows the fit
for a 10◦ bin of longitude for either CR 2029 (red) or CR 2077 (blue). The black
line shows the quadratic best fit to the data below 2.5R¯. A constant value of w
is assumed above this height. The blue line in Fig. 2.14(b) shows ForeCAT’s solar
number density (top) and velocity (bottom) versus distance for the equator (left)
and high latitude (right) of CR 2077. The red line shows the results from the MHD
simulation and the blue shaded regions indicates the distances which data are used
to determine the Guhathakurta et al. (2006) density model.
The ForeCAT solar wind velocity model assumes a purely radial solar wind
outflow, a reasonable assumption in the open solar corona. We assume a constant
mass flux and determine the solar wind velocity using the radial distance and the
density. Similar to the G06 density model which determines a balance between a
polar CH and current sheet component, we use two different fluxes M˙p =1.19x10
−14
M¯ yr−1 and M˙cs =1.87x10−14 M¯ yr−1. The velocity is then
vSW =
M˙p + [M˙cs − M˙p]e−λ2/w2
mpNR2
(2.45)
where N , λ, and w are the same as in Eq. 2.43, and mp is the proton mass. The
bottom panels of Fig. 2.14(b) compare the ForeCAT velocity with the MHD results.
We find good agreement for the equatorial velocity at all distances and the high
latitude velocity beyond about 5R¯.
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The non-radial drag force does not depend on the magnitude of the radial solar
wind velocity so our chosen velocity model only affects the determination of the
interplanetary magnetic field, which we describe in the next section.
Case 5, the blue line in Figure 2.12, includes the modified Guhathakurta et al.
(2006) model instead of the Chen (1996) density model. This line is essentially
indistinguishable from the black line representing Case 6, which we discuss later.
We have increased the thickness of the line corresponding to Case 5 to show it lies
underneath Case 6. The change in density model causes a large increase in both the
latitudinal and longitudinal deflection. The two density models agree near 1 AU, but
they differ by nearly an order of magnitude in the corona. The Guhathakurta et al.
(2006) model is less dense, which causes a significant reduction in the total drag and
leads to larger deflections.
2.2.6 Parker Magnetic Field
ForeCAT 2.0 uses a PFSS model to describe the solar magnetic field. The PFSS
model assumes a current free configuration below the source surface so that the
magnetic field can be described as the gradient of a potential, and then the magnetic
field can be calculated using a sum of Legendre polynomials (Altschuler & Newkirk,
1969; Schatten et al., 1969; Altschuler et al., 1977). Riley et al. (2006) found that
the magnetic structures of MHD models and PFSS models often closely match on
global scales.
For both PFSS and MHD magnetic field solutions, the magnetic field strength
decreases rapidly with distance. Observations of type II radio burst suggest that
these models may produce a magnetic field that decays too rapidly with distance
(Mann et al., 2003). Mann et al. (2003) show the formation, decay, and reformation
of a Type II radio burst below 6 R¯ , suggesting there should be a local maximum
in the profile of the Alfe´n speed versus radial distance. Evans et al. (2008) show
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that MHD models often do not reproduce an Alfve´n profile with the local minimum
and maximum. In section 3.2.2, we explore the sensitivity of ForeCAT deflections
to artificially scaling the PFSS magnetic field so that it decreases less rapidly with
distance.
Unlike in ForeCAT 1.0, beyond the source surface we use the Parker inter-
planetary magnetic field model to incorporate the effects of solar rotation on the
background magnetic field. Beyond the source surface, at a distance R the magnetic
field is defined as
Br = BSS
(
RSS
R
)2
(2.46)
and
Bφ = BSS
(
RSS
R
)2
(R−RSS)Ω¯sinθ
vSW
(2.47)
where BSS is the magnitude of the magnetic field at the source surface, RSS is the
source surface distance, Ω¯ is the solar rotation rate, and θ is the colatitude.
Inclusion of the Parker spiral (black line in Figure 2.12 causes almost no notice-
able change in the deflection. By the distances at which the Parker magnetic field
has gained a significant component, the magnetic forces have become too weak to
strongly influence the CME’s motion. Nevertheless we include the Parker field for
completeness, and this case corresponds to the standard form of ForeCAT 2.0 used
throughout the majority of this work.
2.2.7 CME Rotation
In a similar way to forces causing deflection through a linear acceleration, a
torque, τ , causes rotation via an angular acceleration, α, which changes the angular
momentum, L. The torque is defined as the cross product of the lever arm, r, and
the force, F .
τ = r × F = Iα = dL
dt
(2.48)
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Appendix B presents a derivation of the moment of inertia, I of the CME torus.
Since we calculate the deflection force at multiple locations along the toroidal axis,
we can determine the torque on the CME torus that will cause the CME to rotate
about the axis pointing from the center of the Sun through the normal direction at
the nose of the CME. This causes a change in the tilt of the CME. At each time
step, we determine the change in the angular momentum of the CME based on the
torques. The rotation rate, ω is then determined using the moment of inertia.
ω(t+∆t) =
L(t) + τ(t) ∗∆t
I(t)
(2.49)
Since we conserve angular momentum, the rotation rate can change due to either a
torque, or a change in the moment of inertia. As the CME expands the moment of
inertia increases and the torque becomes negligible as the magnetic forces decay with
distance. This causes the CME rotation to cease at large distances.
We show the effects of the inclusion of CME rotation due to the differential
deflection forces with the purple line in Figure 2.12. The bottom panel shows the
change in tilt of this CME, and comparison with the non-rotating case. This CME
erupted from a complex environment- an AR located near the location of the HCS
at farther distances. This causes the CME to rotate over 100◦, and this rotation, in
turn, causes a significant effect on the deflection.
2.3 ForeCAT 2.0 Results
For ForeCAT 2.0, we consider two different CR rotations: CR 2029 (April-May
2005), a declining phase background, which we used in Kay et al. (2013), and CR
2077 (November-December 2008), a solar minimum background. Figure 2.15 shows
the magnetic field for CR 2029 (top) and CR 2077 (bottom). The white lines show the
location of the magnetic minimum, which corresponds to the HCS on global scales.
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The location of the HCS does not vary with respect to Carrington longitude beyond
2.5R¯, however solar rotation will cause a CME to drift toward smaller Carrington
longitudes.
Figure 2.15 highlights the fundamental differences between a declining phase and
a solar minimum CR. First, the HCS remains relatively flat during solar minimum,
but is more inclined during the declining phase. Second, the ARs are located at
high latitudes during solar minimum, but migrate toward the equator during the
declining phase. Additionally, there are fewer ARs during solar minimum. Finally,
the background magnetic field is significantly weaker during solar minimum than in
the declining phase. The AR magnetic field strength is greatly increased in the
declining phase relative to solar minimum, as does the quiet sun magnetic field
strength, although to a lesser extent. All of these factors directly impact the ForeCAT
deflections.
ForeCAT 2.0 CMEs are initiated using three initial position parameters (lati-
tude, longitude, and tilt), the four initial shape parameters (a, b, c, and d shown in
Fig. 2.11), and the CME mass and final radial propagation velocity. Table 2.1 lists
CME input parameters for the CMEs considered in this work: the initial latitude,
longitude, tilt, and width c of the CME torus. The number in the CME name corre-
sponds to the CR. An upper case letter in the CME name indicates a CME initiated
at a PIL associated with ARs whereas lower case letters are initiated in the quiet
sun. Typically, observations can constrain all of the input parameters for individual
cases, except for the CME mass. In this work, unless otherwise specified, CMEs are
initiated with a mass of 1015 g, and a final propagation velocity of 475 km s−1 at a
distance, d, of 1.05 R¯ . The shape parameter a is set equal to c for all cases, and
the three-phase radial propagation model has a vg =80 km s
−1 and transition radii at
rga =1.5 and rap =3.0 R¯. We do not include CME rotation unless explicitly stated.
83
Fig. 2.15: The panels show the solar magnetic field for CR 2029 (a) and CR 2077 (b).
The color contours represent the radial magnetic field at 1.05 R¯, which show the
location of the ARs. The line contours represent the magnetic field strength at the
source surface height, 2.5 R¯, with white contours indicating the weakest magnetic
field strength, which occurs near the HCS.
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CME Latitude (◦) Longitude (◦) Tilt (◦) Width c (R¯)
2029A -15.40 17.00 -72.0 0.196
2029B 12.40 53.25 90.0 0.128
2029C -12.60 86.65 -86.0 0.139
2029D -7.90 131.90 48.0 0.147
2029E -5.40 226.00 55.0 0.240
2029F -5.10 256.20 -44.0 0.166
2029G -16.00 321.85 65.0 0.139
2029H 17.20 348.40 -54.0 0.142
2029a -45.60 36.70 -13.0 0.169
2029b 37.20 121.90 -31.9 0.275
2029c -40.90 236.10 26.0 0.207
2029d 33.40 305.30 -24.0 0.207
2077A 36.80 99.50 -54.0 0.150
2077B 35.00 238.30 -35.0 0.250
2077a 44.30 48.50 -10.0 0.219
2077b -34.50 67.70 -82.0 0.235
2077c -20.00 267.45 6.0 0.275
2077d 38.60 289.20 67.0 0.292
Table 2.1: Initial parameters for the CMEs in this work. The CME height, a, is set
equal to the width, c, and the cross-sectional width, b, is set at one-fourth of the
width.
The left panel of Figure 2.16(a) shows ForeCAT results for the trajectory of
CME 2029A out to 1 AU. The top two plots show the change in the CME’s latitude
and longitude versus radial distance. We determine the CME’s longitude in a fixed
observer coordinate system, similar to the Earth-centric Stonyhurst coordinates, but
with the initial longitude of the CME set to the initial longitude of the CME in
Carrington coordinates. As we are not comparing with specific observations, we do
not account for orbital motion of the fixed observer, as for a spacecraft orbiting at
1 AU, which can cause 4◦ apparent eastward motion in Carrington longitude for a
CME that takes four days to propagate to 1 AU. The longitudinal motion is then
solely the result of the CME deflection. The next two panels show the radial and
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non radial velocity of the CME. The bottom panel shows the fraction of the angular
momentum relative to the total angular momentum at 1 AU. The dashed red lines
in the latitude, longitude, and nonradial velocity panels correspond to deflection
with constant angular momentum. Equations 2.39 and 2.42 are fit to the ForeCAT
deflection near 1 AU, where we expect it to move with constant angular momentum.
Deviation from the dashed red lines shows where the angular momentum of the
CME differs from its value at 1 AU, indicating that the deflection forces are still
accelerating the CME at that distance.
Fig. 2.16: Deflection results for CME 2029A (panel a) and CME 2077A out to 1
AU (panel b). From top to bottom, the panels show the CME’s latitude, longitude,
radial velocity, nonradial velocity, and the ratio of the angular momentum relative to
the angular momentum at 1 AU (indicated with a dashed black line). The dashed red
lines indicate the behavior expected for a CME propagating with constant angular
momentum, which we fit to the CME’s trajectory at 1 AU.
It can be seen that the strong magnetic forces in the low corona cause a strong
nonradial acceleration and cause the CME to begin deflecting in both latitude and
longitude. The nonradial velocity quickly increases close to the Sun and reaches a
maximum value by 1.5R¯. This maximum nonradial speed is a fraction of the CME’s
radial velocity. The angular momentum initially also rapidly increases until the CME
reaches 1.5R¯ . It continues to increase beyond this distance, but at a significantly
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slower rate. The continued increase in the angular momentum is sufficiently slow that
the trajectory and velocity profiles between 1.5R¯ and 5R¯ are well reproduced by
the analytic equations describing deflection from constant angular momentum. We
find that this continued gentle increase in the angular momentum persists out to 1
AU. This causes a slight deviation in the behavior between 1.5 R¯ and 1 AU from Eq.
2.42 for any single choice of R0, θ0, and vnr,0, however, the equation remains valid on
shorter distance scales. This continued gradual increase in the angular momentum
will be further explored in Chapter 5.
This CME deflects toward the HCS but does not reach it by 1 AU. The majority
of the deflection occurs below 10 R¯, although, some motion continues during further
propagation to 1 AU. Beyond 10 R¯, this CME deflects an additional 0.7◦ and 1.5◦
in latitude and longitude, or 11% and 7% of the respective total deflections.
Figure 2.16(b) is the same as Figure 2.16(a) but for CME 2077A. This CME
deflects primarily in latitude, which corresponds to deflection toward the HCS during
solar minimum. Much of the deflection behavior is similar to that of CME 2029A,
however the decrease in the magnetic field strength and weaker magnetic gradients
present at solar minimum reduce the deflection as compared to the declining phase
case. The angular momentum has a much smaller initial increase than seen for CME
2029A, which causes the continued gradual rise in the angular momentum to be more
noticeable in Figure 2.16(b). Again the majority of the deflection occurs below 10
R¯ with 11% and 7% of the total latitudinal and longitudinal deflection occurring
beyond 10 R¯.
For both CME 2029A and 2077A the latitudinal deflection brings the CME
closer to the solar equator throughout the propagation to 1 AU. CME 2029A expe-
riences a consistent westward deflection, which results from a combination of both
local and global magnetic gradients. ForeCAT CMEs are initiated in approximate
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local equilibrium by aligning the CME torus with the AR PIL, as viewed in the
photosphere. As the CME rises, the local gradients change and cause the CME to
deflect in a direction differing from that of the global magnetic gradients that deflect
CMEs toward the HCS. The local magnetic gradients decay rapidly with height so
as the CME continues to rise the global gradient begins to dominate and can cause
a change in the direction of deflection. The strongest local gradients result from
imbalances in the opposite polarity flux systems of the AR and cause deflection per-
pendicular to the PIL, which tends to correspond to the longitudinal direction. For
CME 2029A both local and global gradients cause westward motion so we do not see
a change in the direction of deflection. For CME 2077A the longitudinal deflection
is negligible due to the flat HCS and weak local magnetic gradients present during
solar minimum, however we do see a slight change in the direction.
2.3.1 CME Rotation
ForeCAT can include the effects of CME rotation due to a torque created by
differential forces along the CME’s toroidal axis. Analogous to magnetic forces mov-
ing a CME toward the HCS, we expect that CMEs will rotate to align their toroidal
axis with the HCS, minimizing the net torque upon the CME. Figure 2.17 shows
results for CMEs 2029A and 2077A when the rotation is included (red lines). The
black lines represent the cases from Fig. 2.16 when rotation is not included. The
top two panels show the change in the latitude and longitude of the CME and the
bottom panel show the CME tilt.
Both CMEs rotate on the order of 5◦, however, CME 2077A rotates clockwise
and CME 2029A rotates counter-clockwise. For these cases we find that the inclusion
of the rotation has little effect on the deflection - the difference between the latitude
and longitude of the rotating and non-rotating cases is negligible. However, larger
rotation can cause the CME to experience highly different forces from those felt in
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Fig. 2.17: Deflections for CMEs 2029A (Figure 2.17(a)) and 2077A (Figure 2.17(b))
when CME rotation is included. The black lines show the same results as Figure
2.16, and the red cases have the same initial parameters but the CME is allowed to
rotate. The bottom panels show the change in the CME tilt versus radial distance.
the original orientation. We showed that this can occur for CME 2029D when we
compared with the ForeCAT 1.0 results in Section 2.2.7. The rotation of CMEs and
its effect on the deflection of CMEs will be further explored in future works.
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Chapter 3
Global Trends in ForeCAT CME
Deflections
ForeCAT depends on many free parameters. Some of these parameters deter-
mine the models used for the CME’s propagation or the background magnetic field.
In these cases the parameters result from the simplifications of the analytic mod-
els. Other free parameters describe the CME itself, and these allow us to reproduce
the wide range of observed CME parameters. In this section we explore the effects
resulting from changes in both the analytic model and CME parameters.
3.1 Expected Dependence on CME and Solar Parameters
Before looking at the variation in the ForeCAT results with different input
parameters, we consider the expected variations. The dependence of the deflection
acceleration on CME and solar parameters can be determined from the expression
for the forces that cause the deflection. Using Equation 2.35 we determine how the
deflection should vary based on changes in either the initial CME parameters, or
properties of the background solar model. We note that we do not explicitly include
the CME’s magnetic field, which should have an effect on its interaction with the
background magnetic forces. However the shape of the CME and its evolution should
correspond to a specific magnetic field configuration. We compare these predictions
with ForeCAT results in Section 3.2 and 3.3.
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We express the CME density, ρCME, in terms of the CME mass, MCME, and
the CME volume determined as the product of the toroidal length, `, and the cross-
sectional area, pib2. The non-radial CME acceleration can be approximated in terms
of the non-radial displacement, ∆xnr and time, t.
a =
∆xnr
t2
(3.1)
We consider the amount of deflection after the CME has propagated a specified
radial distance, ∆xr, which we relate to the time using the radial CME velocity,
vCME. Finally, the curvature in the tension force can be approximated as 1/b and
the magnetic gradients approximated as B2/L where L is a representative length scale
of the gradients in the magnetic energy. Solving for the non-radial displacement, we
find
∆xnr =
pib2` ∆x2r
MCME v2CME
(
− B
2
8piL
+
B2
4pib
− Cd tanh β ρSW
pib
vnr|vnr|
)
(3.2)
where we have assumed that the solar wind is purely radial. This equation describes
the linear deflection assuming constant forces in the time it takes the CME to prop-
agate ∆xr, but we can use it to understand how the deflection varies with input
parameters. The change in the angular position of the CME depends on the linear
non-radial displacement and the radial distance of the CME.
We find a straightforward dependence on the CME mass and final propagation
velocity. These terms only affect the coefficient that multiplies the force terms, rather
than affecting the individual forces. As the mass increases, the deflection decreases
because the forces act upon higher densities. As the velocity increases, the deflection
decreases because the CME requires less time to travel ∆xr and the non-radial forces
act upon the CME for less time. An increase in either the mass or velocity causes a
decrease in the deflection, but from Equation 3.2 we expect the deflection to be more
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sensitive to velocity than mass because the displacement is proportional to v−2CME but
only M−1.
The other parameters affect the individual force terms. We first consider the
case without drag to better understand the effect on the deflection forces. The mag-
netic pressure and magnetic tension terms have nearly the same form: the relative
contributions depend on the ratio 2L/b. The length scale of the gradients will change
throughout the solar cycle. On average, this length will decrease as the solar mag-
netic configuration becomes more complex near solar maximum. The length scale of
the gradients also increases with distance because the magnetic field configuration
simplifies into only radial magnetic field and the HCS.
If the cross-sectional width is significantly larger than the scale of the gradients,
which will happen for wide CMEs near solar maximum or close to the Sun, then
the magnetic pressure gradient term dominates the deflection. In this case, the
deflection will increase as the width increases. The width does not affect the magnetic
pressure gradient force but causes a decrease in the CME density, assuming a constant
mass. The deflection will depend strongly on the width because the displacement
is proportional to b2. The deflection will also increase as the length scale of the
gradients decreases since the force is proportional to L−1.
If the cross-sectional width is significantly smaller than the scale of the gradients,
which will happen for narrow CMEs far from the Sun near solar minimum, the
magnetic tension term dominates the deflection force. The net dependence of the
deflection on the width is then proportional to b. For an increase in the width, the
decrease in the density outweighs the decrease in the tension force, causing a net
increase in the deflection.
When the width and gradient length scales are comparable both the magnetic
pressure gradients and magnetic tension contribute to the deflection. The deflection
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will still increase as the length scale decreases, but to a lesser extent as the tension
term is unaffected. Conversely, as the width increases the tension term decreases
while the magnetic pressure term remains unaffected. The corresponding decrease
in density will cause an increase in deflection that will exceed the corresponding
increase in the tension-only case but be smaller than that of the gradient-only case.
For all cases, as the magnetic field increases, the deflection will increase proportional
to B2. We expect larger deflections near solar maximum when the magnetic field is
the strongest. Without the effects of drag, we expect the largest deflections for wide,
slow, low mass CMEs near solar maximum.
When the effects of drag are included, the amount of deflection decreases but the
zeroth order scaling relations do not change. The net force will still be smaller than
the case without drag since the drag acts in the opposite direction to the velocity
caused by the deflection forces. As the drag coefficient increases the amount of
deflection continues to decrease. For the case where the magnetic pressure gradients
exceed the tension, the deflection will still increase proportional to b2 because the drag
decreases proportional to b−1 so it will have a less noticeable effect for wide CMEs.
For the tension-only case, the tension will increase as the width decreases, however
the drag increases at the same rate so that the net effect will still be proportional to
b because of the change in density. When both components of the deflection force
contribute, the deflection still increases with width, but the net deflection is smaller
than in the drag free case. We determine that the largest deflections should occur
for wide, slow, low mass CMEs near solar maximum.
3.2 Sensitivity to Model Parameters
We first consider the effects of the model parameters. Here we will briefly
comment on the results of ForeCAT 1.0 and focus on the results of ForeCAT 2.0. We
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look at the effects of the propagation model, the drag coefficient, and the background
magnetic field model.
3.2.1 Propagation Model
We explore the effects of the chosen radial propagation model parameters on
ForeCAT results. Here we explore only the effects of the model’s parameters in the
low corona; the final propagation velocity is considered in Section 3.3.2. If the CME
spends more time close to the Sun in regions of strong magnetic field, the deflection
forces act upon the CME longer, increasing the nonradial speed and therefore in-
creasing the deflection. As shown in Section 3.1 the velocity also affects the amount
of time a CME spends deflecting before it reaches 1 AU; however, we consider this
effect when we explore the sensitivity to CME input parameters in Section 3.3.
For ForeCAT 1.0 using the scaled magnetic field, the radial propagation param-
eters Rga, Rap, and vg were individually varied while holding all other parameters
constant. The ranges for each parameter are 1.25R¯ ≤ Rga ≤ 2.25R¯, 2.5R¯ ≤ Rap
≤ 4.0R¯, and 25 km s−1 ≤ vg ≤ 100 km s−1. Within these ranges, the final deflection
angle varied by less than 0.2.◦ These parameters affected the rate of deflection, but
did not influence the final deflected position of the CME because the ForeCAT 1.0
CME deflected to the magnetic minimum.
Figure 3.1(a) shows the effect of varying the gradual rise velocity, vg, defined
in Section 2.1.3 as the initial radial velocity until the CME reaches the distance rga.
Figure 3.1(a) show results for CME 2029A (left) and CME 2077A (right) for distances
below 5R¯ to highlight the effect in the low corona. The black lines correspond to
the control cases shown in Figure 2.16 that have vg equal to 80 km s
−1. The other
cases have all of the same input parameters as the control but with vg increased
to 100 km s−1 (blue lines) or decreased to 50 km s−1 (red lines). For both CRs,
when the gradual rise velocity decreases we see the expected increase in the non-
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radial velocity. Since these CMEs have the same final radial propagation speed, the
increase in the non-radial velocity causes an increase in the deflection. Decreasing
vg causes increases of 1.6
◦ and 10.2◦ in the latitudinal and longitudinal deflection for
CR 2029 at 1 AU and 2.7◦ and 0.7◦ for CR 2077. By comparing the percent increase
in the latitudinal and longitudinal directions, respectively 26% and 48% for CR 2029
and 99% and 43% for CR 2077, we find that varying vg does cause a change in the
direction of the CME deflection. Decreasing the gradual rise velocity increases the
time spent in the low corona, increasing the effect that local gradients can have on a
CME’s deflection.
We also calculate the effects from having fixed distances rga and rap determine
the transition between the gradual rise and acceleration phase and the transition
between the acceleration and constant propagation phase (Figure 3.1(b)). The CMEs
behave the same during the initial gradual rise phase (below 1.5R¯). When rga is
increased to 2.0R¯ (red lines) the CME does not begin accelerating until further
out, allowing it more time to be accelerated by the strong deflection forces in the
low corona. This causes a small increase in the non-radial velocity that leads to
an increase in deflection. Increasing the length of the acceleration phase (blue line)
causes the CME to move slower throughout the duration of the acceleration phase.
This causes negligible increases in the deflection velocity and the amount of deflection
during the acceleration phase. Within the constant propagation phase the CME
continues to deflect at nearly the same rate as the control case.
3.2.2 Magnetic Field Model
With ForeCAT 1.0 we explore two different magnetic backgrounds: the scaled
and the PFSS magnetic background. With ForeCAT 2.0 we only use the PFSS
background. However, Mann et al. (2003) and Evans et al. (2008) suggest that the
magnetic field of the PFSS model may decrease too rapidly with distance, as inferred
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Fig. 3.1: Variations in the deflection resulting from changes to initial radial propa-
gation speed, vg, of the three-phase propagation model (Fig. 3.1(a)), the distances
used for the transition between the gradual rise and acceleration phase, rga, and
the transition between the acceleration and constant propagation phase, rpa (Figure
3.1(b))), and the magnetic field model (Figure 3.1(c)). All panels have the same
format as Figure 2.16 but only show the latitude, longitude, and nonradial velocity.
The left panels show results for CME 2029A and the right panels show results for
CME 2077A.
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from observations of type II radio bursts. To explore the effects from the rate at which
the magnetic field falls we artificially scale the PFSS magnetic field by a factor of R
or R2 below the source surface height (2.5R¯) Above the source surface we replace
the BSS in Equations 2.46 and 2.47 with the source surface values obtained from
the scaled model. We emphasize that these artificially scaled magnetic field models
do not represent physical solutions; however, they allow us to explore ForeCAT’s
sensitivity to the background magnetic field.
Figure 3.1(c) shows the resulting deflections after increasing the magnetic field
by a factor of R (red line) or R2 (blue line). For both CRs, we see that when the
magnetic field decreases less quickly with distance, the non-radial velocity increases.
For CR 2077, the slower decaying magnetic field also causes noticeable increases in the
non-radial velocity out to further distances. For CR 2029, the non-radial velocity still
reaches a maximum value by 1.5R¯. These results show ForeCAT is quite sensitive
to the background magnetic field in the low corona. By comparing observed CME
deflections with ForeCAT results we may be able to constrain the rate at which the
coronal magnetic field decreases with distance and make predictions about the in
situ observations Solar Probe will make at its closest approach to the Sun.
3.2.3 Drag Coefficient
The drag depends on a coefficient, Cd, typically taken to be near unity, however,
the precise value is unknown. We explore the sensitivity of the deflection to different
values of Cd. Using MHD simulations Cargill et al. (1996) show that values of Cd
between 1 and 3 are appropriate for the acceleration phase of a CME. Forbes et al.
(2006) use Cd = tanh(β) where β equals the ratio of the thermal and magnetic
pressure. Close to the Sun, β << 1 so Cd will be small. For ForeCAT 1.0 we use
larger values than tanh(β). Instead we adopt constant values of Cd between 0.25
and 10, similar to the range of Cd in Cargill (2004). We find that these values yield
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deflections varying by 2◦ for the control case. Stronger drag causes less deflection but
ultimately the CME still deflects to the SB because of the strong magnetic gradients
specific to this background. The drag changes the distance at which the CME begins
interacting with the SB. With a weaker background the chosen drag coefficient may
have a more significant effect. We explore as well other expressions of Cd contained
in the literature. Siscoe et al. (2006) uses two models of the drag coefficient versus
distance: a linear model:
Cd = 1 +
5R
1 AU
(3.3)
and a quadratic model:
Cd =
(
1 +
1.45R
1 AU
)2
(3.4)
These models produce deflections less than 0.01◦ smaller than the control case with
Cd=1.
For ForeCAT 2.0, we include the tanh β term in addition to the drag coeffi-
cient Cd. Figure 3.2 shows that the deflection does not depend strongly on the drag
coefficient unless values larger than typical are considered. CME 2077A shows no
visible difference between the lower (red and blue lines) and higher (green line) drag
cases. The changes are more noticeable due to the larger deflection speed of CME
2029A. For CME 2029A, the low drag case shows more deflection, as expected from
the scaling of Eq. 3.2, however the difference is negligible. When the drag coefficient
is increased to ten (orange lines), we begin to see a noticeable decrease in the deflec-
tion for both CRs. Even for this extreme case, the drag is unable to stop the CMEs
deflection, and the CME continues deflecting through interplanetary space.
While coronagraph observations have clearly shown the effects of drag in the
radial direction (Maloney & Gallagher, 2010; Temmer et al., 2011; Iju et al., 2013),
we find very little effect in the deflection. Although the solar wind density is high
close to the Sun, the deflection velocity is small, typically 10-50 km s−1. Only with
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Fig. 3.2: Variations in CME deflection resulting from decreasing the drag coefficient
to 0.5 (blue line) or zero (red line) or increasing the drag coefficient to 2.0 (green
line) or 10.0 (orange line).
Cd as large as 10 do we find a non-negligible effect from drag, and only for the rapidly
deflecting CME in the strong magnetic background.
3.3 Variation with CME Parameters
With ForeCAT 2.0, we also explore the sensitivity of the deflections to the
CME input parameters. We assume the propagation model used in the control cases
(gradual rise velocity of 80 km s−1 and transition distances of 1.5 and 3.0R¯) and
explore how the deflection changes for different CME properties such as mass, final
propagation velocity, and shape. Observed CMEs exhibit significant variations in
both mass and velocity (Gopalswamy et al., 2009a). The initial cross-sectional width
of a flux rope is also highly uncertain. Exploring the range of observed parameters
produces a range of expected deflections for any initial location within a CR.
3.3.1 Mass
The SOHO/LASCO CME catalog (Gopalswamy et al., 2009a) contains CMEs
with masses between 1013 and a few times 1016 g. Figure 3.3(a) shows ForeCAT
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results for low mass (1014, red line) and high mass (1016, blue line) versions of CME
2029A (left) and 2077A (right). We do not consider masses as low as 1013 g since
the low-mass CMEs tend to be less important for space weather effects. The format
of Fig. 3.3 is the same as the left panels of Fig. 2.16, however we only show the
deflection velocity for each case.
For both CRs, the less massive CMEs reach faster non-radial velocities. The
decrease in density causes larger accelerations from the same deflection forces, leading
to larger deflections. This matches the trend expected from section 3.1. For CR
2029, the low mass CME shows more effects from the local gradients with a very
small reversal in the latitudinal motion below 2R¯, not noticeable on the scale of
Figure 3.3. This low mass CME then returns to deflecting in a manner similar to its
more massive counterparts. The low mass CME also reverses its longitudinal motion
near the same distance as the latitudinal reversal. This causes the low mass CME to
gradually move back towards its initial longitude. For CR 2077, the low mass CME
initially moves in the longitude direction opposite that of the more massive CMEs
due to a weak local gradient. This motion quickly reverses and the low mass CME
begins deflecting in the same direction as the other CMEs.
3.3.2 Final Propagation Speed
We next consider the variation in the final deflection due to different CME
propagation velocities, vCME. The control cases have a final propagation velocity of
475 km s−1 during the constant propagation phase (above 3R¯). CMEs observed
by LASCO between 1996 and 2006 have an average plane-of-sky velocity of 475 km
s−1 (Gopalswamy et al., 2009a), according to the Coordinated Data Analysis Work-
shop (CDAW) CME catalog (Yashiro et al., 2004, 2008; Gopalswamy et al., 2009a).
However, CMEs can have propagation velocities up to several thousand km s−1, with
faster CMEs tending to be more geoeffective (Richardson & Cane, 2010). Figure
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Fig. 3.3: Similar to Fig. 3.1 but for variations in CME deflection resulting from
changes to the CME mass (Fig. 3.3(a)), final propagation velocity (Fig. 3.3(b)), and
cross-sectional width (Fig. 3.3(c)).
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3.3(b) shows results for CMEs 2029A (left) and 2077A (right) with different constant
radial propagation speeds. The blue lines show cases with final radial propagation
speeds of 1000 km s−1, and the red lines show cases with final radial propagation
speeds of 300 km s−1. The cases have the same radial propagation and non-radial
speeds during the slow rise phase (below 1.5R¯), but the trajectories and speeds be-
gin to differ when the CME begins accelerating, as shown in Fig. 3.3(b). As expected
from section 3.1, the deflection increases as the radial propagation speed decreases.
We see less of a dependence on speed than we do for mass, which conflicts with the
analysis of section 3.1. However, for those scalings we assume that constant forces
cause the deflection when the forces actually rapidly decrease with distance. By the
time the CME has reached the final propagation speed, the deflection forces no longer
accelerate the CME in the non-radial direction. This implies that the deflection will
be proportional to vCME, as in Eq. 2.42, as opposed to v
2
CME, since the CME has a
constant non-radial velocity.
CME Shape Parameters
The CME width, c, in Fig. 2.11 is determined by the length of the PIL. Both ob-
servations (Tripathi et al., 2009a; Shen et al., 2012; Tripathi et al., 2013) and simula-
tions (Gibson & Fan, 2006) show that partial filament eruptions can occur. Whether
a full or partial eruption occurs is still an area of open research, so for simplicity
we assume the entire length of the PIL contributes in forming the flux rope of the
erupting CME. We have made the assumption that the initial height of the flux
rope equals the half-width (a = c). The actual initial configuration of individual
CMEs is certainly more complex than this and will be accounted for in future works
when we compare ForeCAT results to specific observations. This leaves only the
cross-sectional radius, b, as a free parameter. For the control cases we have assumed
b =0.25c. To explore ForeCAT’s sensitivity to this parameter we consider “wide”
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and “narrow” cases with the cross-sectional radii multiplied by a factor of 1.5 or 0.5,
respectively the blue and red lines in Fig. 3.3(c).
For both CRs, we find that the wide CMEs tend to have faster non-radial
velocities and deflect more than the narrow CMEs. As shown in section 3.1 an
increase in the width will decrease the tension and drag forces but it also decreases
the density. The net result is an increase in the acceleration and resulting deflection.
For CME 2029A, we see that changing the width can cause the deflection to vary by
10◦ in both the latitudinal and longitudinal directions. The effect is less noticeable,
of order a few degrees, for the smaller deflections of CME 2077A.
3.4 Direction of ForeCAT CME Deflections
Results for individual ForeCAT CMEs show that variations in the initial CME
parameters can have a significant effect on the CME deflection. Due to the simplic-
ity of ForeCAT, we can easily constrain the extent of the deflections for any initial
CME location by sampling a large number of CMEs covering a wide range in pa-
rameter space. Here we further explore the sensitivity to mass and velocity as these
parameters are better constrained than the initial cross-sectional width of a flux rope.
Each panel in Figure 3.4 shows ForeCAT results for 100 different CMEs with
different masses and final propagation velocities. The CMEs in Fig. 3.4(a) and (b)
were initiated at the initial locations of CME 2029A and 2077A. All parameters other
than the mass and the velocity remain unchanged from the control cases. In Fig.
3.4, the color and line contours represent the solar magnetic field at 1.05 and 2.5R¯
respectively, as in Fig. 2.15. Each circle represents the final deflected position of a
CME at 10R¯, which corresponds to approximately half of the total deflection in
the control cases. We focus on the effects of the deflection forces, not the rotation of
the Sun itself, so we show position in the fixed observer longitude. The background
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magnetic field corresponds to their locations at the initiation of each CME. The
actual magnetic structure will have rotated to the west as the CME propagates
to 10R¯ . For CME speeds of 300 km s−1 and 1500 km s−1, this corresponds to
approximately 4◦ and 1◦ of rotation. The size of the circle indicates the CME mass,
with the largest circles representing the most massive CMEs. The CME masses range
between 1014 and 1016 g. The color of each circle represents the final propagation
speed as indicated in the color bar.
The CMEs corresponding to CME 2029A are initiated at the AR in the bottom
left corner of Fig. 3.4(a). As seen for the individual cases in sections 3.3.1 and 3.3.2,
the most massive CMEs with the fastest radial propagation velocities deflect the
least. The fastest, most massive CME deflects 1.2◦. The slowest, least massive CME
deflects 26.9◦. The largest deflection does not occur for the least massive CME since
these CMEs are more susceptible to small changes in the direction of the magnetic
gradients. CMEs with masses of 1014 g exhibit a change in the longitudinal motion,
which brings them back toward the initial position, decreasing the total deflection.
For this declining phase background, the local gradients do play a role in determining
the direction of the deflection, but much of the initial local imbalance is aligned with
the direction of the global gradients, so that the direction of deflections do not vary
significantly more than in Fig. 3.4(a). For any single CME mass, the CMEs tend
to lie in a single plane, and the mass and velocities affect the amount of deflection
within this plane.
The CMEs in Fig. 3.4(b) are initially aligned with the AR present at the top of
the figure. In general, these CMEs show the same dependence on mass and velocity
but deflect less than the CR 2029 CMEs due to the weaker background magnetic
field. The deflections at 10R¯ range from 0.2◦ for a 1016 g, 1500 km s−1 CME, up
to 27.5◦ for a 1014 g, 300 km s−1 CME. Some variation occurs in the direction of
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Fig. 3.4: Each panel shows the latitude and longitude at 10R¯ of 100 individual
ForeCAT CMEs with varying masses and final propagation velocities. All CMEs
were initiated at the location of CME 2029A (Fig. 3.4(a)), CME 2077A (Fig. 3.4(b)),
CME 2029b (Fig. 3.4(c)), or CME 2077a (Fig. 3.4(d)). The circle size represents
the CME mass (larger being more massive), and the color fill represents the CME
velocity. The background color contours show the radial magnetic field at 1.05R¯,
showing the location of the ARs, and the line contours show the total magnetic field
strength at the source surface height, 2.5R¯, which indicates the location of the
HCS. The background color scale is the same as in Figure 3.5.
deflection, however this is small due to the weak local gradients present during solar
minimum. The slowest CMEs show the most longitudinal deflection, which occurs
as a result of the local gradients. All CMEs move toward the magnetic minimum
located at the HCS, but none have reached it by 10R¯.
Both CME 2029A and CME 2077A correspond to CMEs erupting from ARs,
however, CMEs can also erupt from the quiet sun. Figs. 3.4(c) and 3.4(d) present
results for 100 CMEs with different masses and velocities with the initial positions
of CME 2029b and 2077a, which correspond to flux ropes formed at PILs in the
quiet sun. For both CRs, the deflections show less variation in direction than the
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CME initiated in the ARs. The final positions of all the CMEs within each CR
deviate less from a single plane in three-dimensional space, the orientation of the
plane determined by the direction of the global magnetic gradients. In the quiet sun,
the local magnetic gradients are significantly weaker than those near an AR so the
quiet sun CMEs deflect in the direction of the global magnetic gradients. CR 2029
has stronger magnetic field and gradients so slightly more variation is visible for that
CR. For both CRs, we see deflections of comparable magnitude to the AR CMEs
despite the weaker quiet sun magnetic field. The deflections range up to 29.2◦ for
CR 2077 and up to 34.8◦ for CR 2029. The quiet sun CMEs tend to originate from
extended PILs and are therefore longer than the AR CMEs. This causes a decrease
in the CME density such that the weaker background magnetic field can still produce
significant deflections. For CR 2029 we see that the slowest, least massive CMEs can
deflect slightly beyond the position of the HCS by 10 R¯.
3.5 Solar Cycle Variations in ForeCAT CME Deflections
In addition to describing variation with mass and velocity for a single location
within a CR, ForeCAT shows how the deflections vary for different locations within
a single CR. Figure 3.5 shows deflections for several locations in CR 2077 (top) and
2029 (bottom). As in previous figures, the color and line contours represent the
solar magnetic field at 1.05 and 2.5R¯, respectively, at the initial locations in the
fixed observer coordinate system. Each map contains a CME deflection for each AR
(upper case labels) and four additional quiet sun CMEs (lower case labels). The
initial position of each CME is listed in Table 1. All CME’s have a mass of 1015 g
and a final propagation velocity of 475 km s−1. Fig. 3.5 contains the full trajectory
of each CME with the greyscale indicating the radial distance: black represents near
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the Sun and white represents near 1 AU. These trajectories appear predominantly
black as the majority of the deflection occurs close to the Sun.
For CR 2077, all the deflections move the CMEs closer to the magnetic mini-
mum. These deflections tend to be primarily latitudinal as the weaker local gradients
of CR 2077 tend to cause very weak longitudinal deflections. We find that the quiet
sun CMEs can deflect as much as their counterparts during solar minimum. In gen-
eral, ARs have stronger magnetic field than the quiet sun, however, this difference is
less noticeable during solar minimum. Additionally, the quiet sun CMEs tend to be
larger than the AR CMEs (column 5 in Table 1) so the decrease in density balances
the slight decrease in the magnetic forces. For both CME types, the magnitude of
these deflections tends to be smaller than the declining phase deflections due to the
weaker background magnetic field strength and gradients.
All but two of the CR 2029 CMEs show deflection of more than 10◦ with the
AR CME deflections typically exceeding those of the quiet sun CMEs. Each CME
initially moves towards the global minimum but the individual behaviors tend to be
more complicated than seen in CR 2077 due to the increase complexity and strength
of the declining phase magnetic field. These CMEs also show significantly more
longitudinal motion, which results from the inclination of the HCS and the effects of
local magnetic gradients.
CMEs 2029B, D, E, G, and H all erupt from ARs located close to the position
where the HCS forms at higher distances. These CMEs initially move toward the
HCS but then exhibit a variety of behaviors. CMEs 2029B, E, and G deflect towards
local null points in the streamer region and traverse the location corresponding to
the HCS at heights below the height at which it actually forms. CME 2029C deflects
to the HCS and CME 2029 H does not reach the HCS by 1 AU. CME 2029D deflects
along the HCS until the distance at which the magnetic forces can no longer affect
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Fig. 3.5: Map showing the deflections of several CMEs for CR 2077 (3.5(a)) and CR
2029 (3.5(b)). The greyscale indicates a CME’s radial position with black represent-
ing near the Sun and white representing the position at 1 AU. As in Fig. 2.15 the
color contours show the magnetic field at the solar surface, indicating AR locations,
and the line contours show the magnetic field at 2.5R¯, indicating the HCS location.
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the deflection, causing the CME to continue moving in a direction tangent to the
HCS.
The quiet sun CMEs of CR 2029 show deflection of varying magnitudes. CMEs
2029A and 2029B show deflections of at least 10◦ toward the HCS, but neither reaches
it by 1 AU. CME 2029c also shows a significant amount of deflection, but this motion
parallels the HCS rather than moving the CME toward it, indicating that local
gradients can still play a significant role for quiet sun CMEs in strong global magnetic
gradients. CME 2029D shows almost no deflection. Since CMEs 2029C and D have
the same shape the difference in their deflections is due to differences in the deflection
forces, rather than a difference in densities.
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Chapter 4
Comparison of ForeCAT Results with
Observed Deflections
In the previous chapters we described the model ForeCAT and show that it
reproduced the general observed trends in CME deflections (variation in magnitude
and direction of deflections with CME parameters and solar cycles). This chapter
compares ForeCAT results with specific observed CMEs. We consider the 2008 De-
cember 12 and 2010 April 08 CMEs that show significant deflections exceeding 30◦
and the and 2012 July 12 CME, which shows little to no deflection. The 2010 April
08 CME also exhibits significant rotation. In addition to showing that ForeCAT can
reproduce the observed CME positions, we find that we can constrain many of the
initial CME parameters by searching for the range in parameter space that produce
ForeCAT results that match the observations.
4.1 2008 December 12 CME
4.1.1 Observations
While the 2008 Dec 12 CME has been extensively covered in the literature, we
focus on the results of Byrne et al. (2010) and Gui et al. (2011), hereafter B10 and
G11, as they offer the most complete coverage of the CME’s position close to the
Sun. Figure 4.1 shows the latitude, Stonyhurst longitude (central meridian of Sun
as seen from Earth is Stonyhurst longitude 0◦, G11 only), and radial velocity of the
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Fig. 4.1: Comparison of ForeCAT results with observations of latitude (top panel)
and longitude (middle panel) versus distance for the 2008 December 12 CME. The
bottom panel shows the radial velocity of the CME nose, which combines propaga-
tion and expansion, versus radial distance which is used to constrain the propagation
model. The black line represents the best fit from ForeCAT, the blue squares rep-
resent the results of Byrne et al. (2010), and the red circles the results of Gui et al.
(2011).
CME nose out to 50 R¯ for both the B10 data (blue squares) and the G11 data
(red circles). Both authors use data from the Sun-Earth Connection Coronal and
Heliospheric Investigation (SECCHI) on board the twin Solar Terrestrial Relations
Observatory (STEREO) satellites. At the time of the eruption the satellites were
separated by 86.7◦.
Fig. 4.1 includes error bars estimated from the difference between the G11 and
B10 observations. For the latitudinal data, the error bars represent the absolute
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difference between the two sets of measurements at each height. We find average
deviations of 2◦ between 3 and 10 R¯and 4◦ beyond 10 R¯. Below 2 R¯ we see no
significant deviation between the two sets of measurements and adopt an uncertainty
of 0.5◦. For the longitudinal data, the uniform error bars of 4◦ are determined from
the scatter within the G11 data.
4.1.2 Determination of ForeCAT Inputs
ForeCAT CME’s are typically initiated at a height of 0.05 R¯ above photo-
spheric polarity inversion lines (PILs). Using a finite number of harmonic coefficients
causes a ringing effect in the PFSS model, and for coefficients up to order 90 this ef-
fect disappears by 1.05 R¯. Using an Helioseismic and Magnetogram Imager (HMI)
synoptic magnetogram for Carrington Rotation (CR) 2077, we identify a PIL in the
quiet sun (not associated with an active region) centered at 52◦ latitude and 81.7◦
longitude with a tilt of -13.8◦, near the initial location of the observations.
B10 find that the empirical relationship w(R) = 13R0.22 describes the CME’s
angular width, w in degrees, as a function of radial distance, R, in solar radii, which
we use to determine the CME width, c. Both the CME height and cross-sectional
width (the parameters a and b in Kay et al. (2015b)) are set at constant fractions of
the CME width (a = Ac and b = Bc). The fraction A is estimated from the radial
distance between the flanks and the nose of B10 and is set at one throughout the
duration of the CME’s propagation. The cross-sectional radius of the CME is harder
to constrain. We set the cross-sectional radius fraction B = 1
4
and explore the effects
of these chosen values later.
The bottom panel of Fig. 4.1 shows the observed radial velocity determined from
the change in position of the CME nose, which combines the effects of expansion and
propagation. Since we know the expansion, matching ForeCAT’s nose velocity to
these observations allows us to constrain the radial propagation model. ForeCAT
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initiates the CME with a radial propagation speed of 75 km s−1. Once the CME
reaches 1.75 R¯ it begins accelerating at a constant rate until it reaches a final
propagation speed of 480 km s−1 at 18 R¯. Beyond this distance, the CME moves
with constant speed.
4.1.3 ForeCAT Best Fit
We constrain all of the ForeCAT input parameters from the observations except
for the CME mass and drag coefficient and vary these parameters to obtain a best
fit with the observed deflection. Typical CME masses range between 1014 and 1016 g
(Gopalswamy et al., 2009b), but observations suggest that the 2008 Dec 12 CME had
a mass less than 2x1015 g below 10 R¯ (Carley et al., 2012; DeForest et al., 2013).
The drag coefficient, Cd, is typically set near unity, but Cargill (2004) determine
coefficients as high as 300 for individual simulations. Fig. 4.1 shows ForeCAT results
for a CME with a mass of 7.5x1014 g and drag coefficient set to 0, which corresponds
to the reduced chi-squared best fit to the G11 measurements, which we discuss later.
Figure 4.1 shows that ForeCAT reproduces the latitudinal motion of the CME.
We also find decent agreement for the longitudinal motion beyond 5 R¯ . The lon-
gitudinal motion below 5 R¯ does not match the G11 data, however, measurements
of longitudinal deflections in the low corona are inherently highly uncertain as line-
of-sight coronagraph observations integrate in the longitudinal direction, so we do
not include these points when determining a best fit.
The ForeCAT results in Figure 4.1 shows a change in the direction of the sim-
ulated longitudinal deflection below 2 R¯. As shown in Kay et al. (2015b), the
deflection is a combination of both local and global magnetic gradients. The lo-
cal gradients initially cause the CME to move very briefly westward. This motion
is small due to the weak local gradients of the solar minimum quiet sun. As the
CME propagates out radially the local gradients are overcome by global gradients
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Fig. 4.2: Sensitivity of the latitudinal ((a)-(c)) and longitudinal ((d)-(f)) deflection
to variations in the CME mass ((a) and (d)), drag coefficient ((b) and (e)), and
background magnetic field model ((c) and (f)). The solid line represents the ForeCAT
best fit and blue and red points the observations, as in Fig. 4.1. In Panels (a) and (d)
the dashed line corresponds to a mass of 1014 g, and the dot-dashed line corresponds
to a mass of 2x1015 g. In Panels(b) and (e) the dot-dashed line corresponds to a drag
coefficient of 2. In Panels 4.2(c) and (f)the dashed line corresponds to the scaled
PFSS magnetic field model.
determined by the relative location of the coronal holes and the HCS. These global
gradients are strong enough to slow down and change the CME’s deflection to an
eastward direction.
Variation with CME Mass
Figure 4.2(a) and (d) show the effect of varying the CME mass on the latitu-
dinal and longitudinal deflections in the same format as Fig. 4.1. The dashed lines
represent a low mass CME case of 1014 g, the dot-dashed lines represent a higher
mass case of 2x1015 g, and the black line corresponds to the best-fit case with a mass
of 7.5x1014 g. All three masses have behave similarly with distance with less massive
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CMEs deflecting more as the decrease in density allows for greater nonradial accel-
eration of the CME, as seen in Kay et al. (2015b). The initial gradients deflect the
low mass CME beyond the HCS, but near 3 R¯ the latitudinal deflection reverses
direction, bringing it back toward the HCS.
Figure 4.2(d) shows very little difference in the longitudinal behavior of the
high mass and best fit CMEs, with the high-mass CME deflecting slightly less both
initially westward and back eastward, which is barely noticeable on the scale of Figure
4.2(d). The low mass case again shows a significant increase in the total deflection
but retains the same westward then eastward motion.
Variation with Drag Coefficient
Figures 4.2(b) and (e) show the effect of varying the drag coefficient (Cd in Eq.
2.28). The drag coefficient is very small in the low corona when the plasma beta is
high so the effects of scaling the drag coefficients are not noticeable for the first few
solar radii. Beyond a few solar radii, we see that the increased drag causes a decrease
in both the latitudinal and longitudinal deflection. The effect is more noticeable in
the latitudinal direction as the CME deflects more in that direction.
Magnetic Background
As discussed earlier, observations of Type II radio bursts suggest that the PFSS
magnetic field may fall too rapidly with distance in the corona above active regions
(Mann et al., 2003; Evans et al., 2008). Kay et al. (2015b) show that ForeCAT is
sensitive to the rate at which the background magnetic field decreases with distance.
The 2008 December 12 CME occurs in the quiet sun, rather than above an
active region, but we still explore the sensitivity of the deflection to the magnetic
background. Fig. 4.1 shows the unscaled PFSS model results in a good fit with
observations, however, a different magnetic background could potentially result in a
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better fit with a different parameters. Figure 4.2(c) and (f) compares the unscaled
PFSS best fit (solid line) with the results for the same drag coefficient and CME
mass, but using a magnetic background corresponding to the PFSS model increased
by a factor of R below 2.5R¯.
Both the latitude and longitude show that decreasing the rate at which the mag-
netic field decays with distance results in stronger deflections. For the CME mass
and drag coefficient of the unscaled best fit, the deflections exceed the observed de-
flections. Later, we explore whether a different set of CME mass and drag coefficient
produces a good fit.
4.1.4 Determination of the Best Fit
We determine the mass and drag coefficient of the best fit by computing the
reduced chi-squared, χ2ν , which measures the variation between the ForeCAT model
and the observations. We calculate χ2ν as
χ2ν =
1
N − ν − 1Σ
(yobs − yFC)2
σ2obs
(4.1)
where N is the number of data points, ν is the degrees of freedom, yobs is the observed
position, yFC is the ForeCAT position, and σobs are the uncertainty as defined in
section 4.1.1. Computing χ2ν requires comparing yobs and yFC at the same radial
distance so we linearly interpolate between the ForeCAT results to determine the
ForeCAT values at the distances of the observations.
Figure 4.3 shows contours of χ2ν resulting from 400 ForeCAT simulations with
masses between 1014 g and 2x1015 g and drag coefficients between 0 and 3. In Fig.
4.3(a), the χ2ν is computed using only the latitudinal points of G11 as they use the
more commonly used GCS reconstruction technique to reconstruct the CME position.
In Fig. 4.3(b), the χ2ν is computed using only the COR2 longitudinal points of G11.
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Fig. 4.3: Contours of the reduced chi-squared, χ2ν , versus mass and drag coefficient.
Panels (a)-(c) show results using the unscaled PFSS magnetic field model and Figs.
4.3(d)-(f) show results using the scaled PFSS magnetic field model. Panels (a) and (d)
show χ2ν determined using only the latitude, Panels (b) and (e) show χ
2
ν determined
using only the longitude, and Panels (c) and (f) show χ2ν determined using both
latitude and longitude. Note the difference in the contour range for the longitude
panels. The white line indicates where χ2ν = 1.5 for all panels, and in panels (d)-(f)
the dashed white line corresponds to the region from the unscaled version.
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Fig. 4.3(c) uses both the latitudinal and longitudinal points to get the total χ2ν used
to determine the best fit. The white line corresponds to χ2ν = 1.5. A χ
2
ν ≈ 1 indicates
a good fit, but values significantly higher or lower than unity imply that the model
is either under or overfitting the data.
The latitudinal χ2ν contours show an extended region that produces acceptable
values of χ2ν near unity. These contours show some degeneracy between mass and
drag coefficient with lower masses requiring higher drag coefficients.
The longitudinal χ2ν values in Fig. 4.3(b) include points as low as 0.12 due to
the low number of longitudinal points and their large uncertainty. The longitude
points alone cannot be used to constrain the CME input parameters.
When the latitudinal and longitudinal points are combined into a single measure
of χ2ν the region corresponding to χ
2
ν = 1.5 increases in Fig. 4.3(c) due to the low χ
2
ν
of the longitudinal comparison.
We use only the latitudinal χ2ν to determine the range of acceptable parameters.
By restricting the range of plausible input parameters to where χ2ν ≤ 1.5 we can
restrict the CME mass to 7x1014 to 8x1014 g and a drag coefficient less than 1.4. The
best fit corresponds to 7.5x1014 g for the mass and 0 for the drag coefficient.
Figure 4.3(d), (e), and (f), show the same as (a), (b), and (c), respectively, but
for the scaled magnetic background. All panels have the same contour levels of χ2ν as
the corresponding unscaled panels. For low masses and small drag coefficients, the
scaled background values of χ2ν consistently exceed those of the unscaled background,
however the majority of parameter space has a longitudinal χ2ν below one. The
scaled background does produce χ2ν ≈ 1 for the latitude for high masses, above
1.5x1015 g. This slightly exceeds the upper limit of 1015 g below 6 R¯ determined
by DeForest et al. (2013). However, it remains plausible that for the 2008 Dec 12
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CME, which originated in the quiet sun, the magnetic field may decrease slightly less
rapidly with distance than the PFSS model.
4.1.5 Variation with Shape Parameters
ForeCAT assumes that the CME height and cross-sectional width (parameters
a and b) maintain fixed ratios (A and B) with the CME width. The previous results
used A = 1 and B = 1
4
. We vary A and B and compare the resulting χ2ν contours with
the first case. Figure 4.4 shows contours of the χ2ν for only latitudinal points (anal-
ogous to Fig. 4.3(a)) for four different cases. The solid white line shows the region
corresponding to χ2ν = 1.5 for that set [A,B] and the dashed white line corresponds
to χ2ν from the control case of [1,
1
4
] from Fig. 4.3. These cases have longitudinal χ2ν
significantly below unity for most of mass and drag coefficient parameter space.
Fig. 4.4 shows that changing the shape parameters either causes a slight differ-
ence in the range of χ2ν near unity or results in a poor fit to the data such that χ
2
ν
never reaches unity. When the CME height is decreased relative to the width (Fig.
4.4(a)) the range of acceptable masses and drag coefficient decreases, and shows a
shift toward higher masses. The decrease in height causes these CMEs to experience
stronger magnetic forces so the range of acceptable parameters tends toward higher
masses, as high as 1015 g. The range of acceptable drag coefficient decreases. When
the CME height is increased (Fig. 4.4(b)), the range in parameter space yielding
acceptable χ2ν shifts toward smaller masses, with acceptable values as low as 5x10
14
g. The increase in height causes these CMEs to initially experience weaker magnetic
forces so only low mass cases can reproduce the extensive observed deflection.
Decreasing the cross-sectional radius (Fig. 4.4(c)) causes a decrease in the
range of acceptable parameters which is shifted toward lower mass, about 4.5x1014
g. If the cross-sectional width decreases further the range corresponding to χ2ν = 1.5
continues to decrease and eventually disappears. Increasing the cross-sectional radius
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Fig. 4.4: Contours of the latitudinal reduced chi-squared, χ2ν , versus mass and drag
coefficient (analogous to Fig. 4.3(a)). Each panel uses a different set of shape ratios
A and B. The solid white line indicates where χ2ν = 1.5 for that A and B and the
dashed white line shows χ2ν = 1.5 from the case in Fig. 4.3(c).
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results in a significant shift of the region corresponding to χ2ν = 1.5 to masses larger
than 1.7x1015 g, suggesting that the observations cannot be reproduced with a cross-
sectional width much larger than that used in Fig. 4.3(c). We find that despite
not being able to accurately determine several CME shape parameters we can still
constrain the CME mass and solar wind drag coefficient using the results of the χ2ν
parameter space exploration.
4.2 2010 April 08 CME
4.2.1 Observations
A CME erupted from AR 11060 at 3:30 UT on 8 April 2010. Su et al. (2011,
2013) and Kliem et al. (2013) determine the evolution of the magnetic field of the
filament, which evolves into the CME, and the surrounding AR. Su et al. (2011) find
that the filament becomes unstable as the axial flux increases as a result of flux can-
cellation near the PIL of the AR. As the filament erupts it quickly becomes inclined
nearly 45◦ with respect to the solar equator, an effect that can be reproduced with
MHD simulations (Kliem et al., 2013; Su et al., 2013). The CME begins propagating
radially by the time it reaches the STEREO/COR2-A field-of-view (2.5-15 R¯). This
event was associated with an EIT wave and coronal dimmings (Liu et al., 2010a). As
the CME was Earth-directed, Davis et al. (2011) use it to test arrival-time prediction
models.
4.2.2 Reconstructed Position
We determine the coronal trajectory of this CME using the Graduated Cylindri-
cal Shell (GCS) model (Thernisien et al., 2006, 2009) as observations are not readily
available in the literature. A separate CME without a strong EUV signature erupted
over 40◦ westward of the CME considered in this work. Their separation is sufficiently
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far apart so that we can model the evolution of the 2010 April 8 CME without con-
sidering their interaction. However, the two CMEs overlap in coronagraph images.
Figure 4.5 shows GCS fits to the CME of interest (green) and the other CME (red).
Fig. 4.5: GCS fits to the CME considered in this work (green) and a second CME
(red) that occurred near the same time. While the CMEs are spatially separated,
they overlap in some coronagraph perspectives.
From the GCS fits we determine the radial distance, latitude, longitude, tilt,
and angular width of the 2010 Aug 08 CME versus distance, as listed in Table 4.1.
Table 4.1 does not include the tilt or angular width as these are respectively equal
to constant values of -23◦ and 30◦ throughout the duration of our observations.
Figure 4.6 shows the latitude, longitude, half width, tilt, and radial speed versus
radial distance. To determine the radial speed we fit a quadratic polynomial to the
radial distance as a function of time. The radial speed is then determined as the
derivative of this polynomial. We assume the standard 5◦ and 10◦ uncertainties for
the latitude and longitude from the GCS fit.
We can infer significant deflection must have occurred below 1.8 R¯ as this
CME originated at AR 11060, which is at 25◦ latitude. While only 5◦ of deflection
occurs between 1.8 and 11.6R¯, the total latitudinal deflection must be closer to
30-35◦. This pattern of the largest deflection occurring close to the Sun matches the
results of previous ForeCAT simulations (Kay et al., 2013, 2015a,b; Kay & Opher,
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Time (UT) R (R¯) Latitude (◦) Longitude (◦)
3:25 1.8 -2 187.9
3:35 2.0 -2 188.1
3:45 2.4 -2 188.0
3:55 2.8 -2 187.8
4:05 3.0 -4 187.9
4:15 3.3 -4 187.8
4:25 3.7 -7 187.9
4:39 4.6 -7 187.8
4:54 5.2 -7 187.6
5:24 6.5 -7 187.4
5:39 7.4 -7 187.2
5:54 8.4 -7 187.1
6:24 9.8 -7 186.8
6:39 10.8 -7 186.7
6:54 11.6 -7 186.5
Table 4.1: Reconstructed position of the 2010 April 8 CME.
2015; Pisharody et al., 2015) as well as observed CME deflections (Byrne et al., 2010;
Gui et al., 2011; Isavnin et al., 2014). The AR longitude is within 10◦ error bars of
the reconstructed CME position so we cannot definitively confirm any westward de-
flection. Additionally, we infer that this CME must have rotated as the reconstructed
tilt differs significantly from the PIL of the AR.
4.2.3 ForeCAT Results
Figure 4.6 compares the best-fit ForeCAT results (black line) with the recon-
structed CME latitude, longitude, angular width, tilt, and radial speed. This best
fit corresponds to the parameters listed in the first column of Table 4.2. We use a
linearly increasing model for both the angular expansion and CME mass.
From the observations we can constrain the initial position and orientation of
the CME and, to a lesser extent, the radial propagation and expansion models. The
123
Fig. 4.6: Comparison of ForeCAT results (black line) with observations (blue circles)
of the 2010 April 08 CME.
mass and shape of the CME and background drag coefficient cannot be constrained
from these observations. As done in Kay et al. (2015a) and Pisharody et al. (2015),
we determine a best fit to the observations by sampling parameter space for the
unknown ForeCAT input parameters and determining the reduced chi-squared, χ2ν ,
as determined using Equation 4.1. We continue to assume an upper limit of 1.5 for
a good fit according to the χ2ν value.
Figures 4.7 through 4.9 shows contours of χ2ν for the initial parameters of Fore-
CAT. The left columns show χ2ν determined using only the reconstructed latitude,
the right columns show χ2ν using only the longitude. The white line outlines the
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Parameter 2010 April 08 2012 July 12
Latitude (◦) 24.9 -13.0
Longitude (◦) 178.55 82.85
Tilt (◦) -38.5 15
A = a/c 1 1
B = b/c 0.1 0.1
mexp (
◦ R¯−1) 20 —
bexp (
◦) 10 —
vi (km s
−1) 40 100
vf (km s
−1) 600 1350
rga (R¯) 1.5 1.5
rap (R¯) 4.0 4.0
mM (10
14 g R¯−1) 0.2 10.
bM (10
14 g) 0.4 —
Cd 0.5 1.0
Table 4.2: Input parameters for the best fit cases fpr the 2010 April 08 and 2012
July 12 CMEs.
region with χ2ν less than 1.5, which corresponds to initial parameters that yield a
good fit to the reconstructed position.
We also consider the rotation of the CME when sampling parameter space. As
the majority of the rotation occurs before our first reconstructed position, we simply
compare the final tilt of the modeled and observed CMEs rather than determine the
χ2ν for the rotation versus distance. The shaded region with the dashed black and
white outline in Figure 4.7 corresponds to the region of parameter space that yields
a final CME tilt within 10◦ of the reconstructed value.
We consider a range of initial CME latitudes and longitudes near the PIL of the
AR. Figure 4.7(a) shows that the the latitudinal χ2ν does not depend strongly on the
initial CME latitude and longitude within this range. However, the longitudinal χ2ν
(Figure 4.7(b)), does depend strongly on both the initial CME latitude and longitude.
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Fig. 4.7: Contours of χ2ν for the initial CME latitude and longitude ((a) and (b)), the
initial tilt and background drag coefficient, Cd, ((c) and (d)), and the shape ratios
A and B ((e) and (f)). See description in the text.
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CMEs with both initial latitudes less than 26◦ and longitudes less that 178◦ do not
match the reconstructed CME longitude. Only a small range of initial latitude yields
final CMEs tilts within 10◦ of the reconstructed CME tilt. A range of initial latitudes
and longitudes correspond to good fits for the reconstructed latitude, longitude, and
tilt. We use an initial latitude of 24.9◦ and an initial longitude of 178.55◦ for our
best fit as this combination is the most centered around the AR PIL.
The middle row of Figure 4.7 shows χ2ν for different initial CME tilts and back-
ground solar wind drag coefficients. We find that the latitudinal χ2ν is sensitive to
the drag coefficient, but not the initial CME tilt. The longitude χ2ν is moderately
sensitive to both the tilt and the drag coefficient. Using both the latitude and lon-
gitude allows us to constrain the background drag coefficient between 0.3 and 1.5,
which is comparable to the value found in Kay et al. (2015a). Comparing the final
tilt allows us to constrain the initial tilt of the CME, but shows no sensitivity to the
drag coefficient. Combining the χ2ν and final tilt we can constrain the initial tilt to
lie between -40◦ and -37◦ or alternatively near -47◦.
The bottom row of Figure 4.7 shows χ2ν for different values of the CME shape
ratios A and B. The latitudinal χ2ν , and to a lesser extent the longitudinal χ
2
ν ,
are sensitive to both parameters A and B. Using the χ2ν from both latitude and
longitude, B can be constrained to lie between 0.8 and 0.17 for most values of A.
However for values of A between 0.8 and 1.0, B can vary between 0.8 and 0.25. The
range of parameters yielding good final tilts overlaps significantly with the regions
of good χ2ν , but allows us to slightly tighten our constraints to a B between 0.8 and
1.2 for A less than 1.1.
Figure 4.8 shows contours of χ2ν for parameters related to the three-phase ra-
dial propagation model (slow rise, rapid acceleration, constant propagation). Figure
4.8(a) and (b) show the sensitivity to the initial and final CME speed, vmin and vf .
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Fig. 4.8: Contours of χ2ν for parameters related to the propagation model, analogous
to Figure 4.7. The top row shows the sensitivity to the initial and final CME speeds,
vmin and vf , and the bottom row shows the transition distances from gradual rise to
acceleration and from acceleration to constant propagation, rga and rap.
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From both the latitudinal and longitudinal χ2ν we can determine a lower bound of 30
km s−1 for the initial speed. Initial speeds lower than this cause the CME to spend
too much time in the strong forces of the low corona causing the total deflection
to exceed the observations. The latitudinal χ2ν depends weakly on the final speed.
CMEs with slower final speeds have larger upper bounds on the initial speed. For
final speeds near 400 km s−1 the initial velocity can be as fast as 70 km s−1 , but the
upper bound decreases to 50 km s−1 for final speeds near 800 km s−1. The final tilt
does not depend too strongly on these speeds. The majority of the good χ2ν range is
contained within the bounds of the good tilt range. However, for slow final speeds
we can further constrain the initial speed to be larger than 45 km s−1.
Figure 4.8(c) and (d) show χ2ν for variations in the radial distances at which
the CME transitions from the gradual rise to acceleration phase and from the accel-
eration to the constant propagation phase, rga and rap. The longitudinal χ
2
ν shows
almost no sensitivity to these parameters. The latitudinal χ2ν depends strongly on
the first transition distance, rga, but only slightly on the second transition distant,
rap. rga is constrained between 1.5R¯ and 1.7R¯ for an rap of 2.0R¯, but the range
shifts to between 1.3R¯ and 1.6R¯ for rap near 6.0R¯. Again much of the region
corresponding to good final tilts overlaps with the good χ2ν region, however we can
lower the upper limit of rga to 1.6R¯ for low rap and 1.5R¯ for high rap.
Figure 4.9 shows results for the parameters of the linearly increasing CME mass
and angular width models. The top row shows the dependence on the initial mass,
bM , and the rate at which the mass increases, mM . Figure 4.9(a) and (b) shows little
variation with the full range corresponding to χ2ν less than 1.5. By comparing the
final tilt we can eliminate some of the smallest and slowest increasing masses, but
the majority of parameter space corresponds to tilts within 10◦ of the reconstructed
tilt.
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Fig. 4.9: Contours of χ2ν for the linearly increasing CME mass (top, initial mass bM
and rate of increase mm) and angular width models (bottom, initial width bexp and
rate of increase mexp), analogous to Figure 4.8.
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From the observations we know that the CME should have an angular width
near 30◦ by the time the nose reaches 2R¯. However we have no measurements of
the initial size of the CME, or the rate it increases, but we can constrain them from
the χ2ν in Figure 4.9. The longitudinal χ
2
ν shows little sensitivity to the expansion
model parameters, however we can constrain the expansion using the latitudinal χ2ν
. Interestingly, we recover that the CME must have an angular width near 30◦ at 2
R¯. CMEs much smaller or larger than this yield poor fits. We also find good fits
near the top right corner of Figure 4.9(c), however these parameters clearly exceed
the observed angular width at 2 R¯. The region of good tilts overlaps the good χ2ν
region, but eliminates some of the expansion models yielding larger CMEs.
For nearly all parameters we find that the longitude χ2ν shows less variation
than the latitudinal χ2ν , which occurs for two reasons. First, the longitude has twice
the uncertainty of the latitude. For the same difference between the simulated and
reconstructed position the latitudinal χ2ν will be four times the longitudinal χ
2
ν .
Second, this CME shows significantly more latitudinal deflection than longitudinal
deflection. Parameters related to the CME’s speed and mass tend to scale the total
deflection, so the effects will be more noticeable in the direction where more deflection
occurs. We find the strongest constraints from the longitudinal χ2ν for the initial CME
position as the initial forces on the CME need to be properly balanced to achieve
the small westward deflection.
4.3 2012 July 12 CME
4.3.1 Observations and Reconstruction
On 12 July, 2012, a CME erupted from AR 11520 (S17◦W08◦) accompanied by
a X1.4 flare, which peaked at 16:45 UT. This AR also produced the fastest CME
recorded in the STEREO era. The 2012 July 23 CME reached a maximum speed of
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3,050 km s−1 (Liu et al., 2014). While the 2012 July 12 CME was not nearly as fast, it
did reach a speed between 1,200 and 1,400 km s−1 (Hess & Zhang, 2014; Mo¨stl et al.,
2014; Shen et al., 2014). Hess & Zhang (2014) fit the CME flux rope and shock out
to 80 R¯ assuming a constant propagation direction of -8.9◦ latitude and 0.3◦ west
of the Sun-Earth line (81.7◦ Carrington longitude). In situ observations show that
this CME had a strong southward magnetic field (Hess & Zhang, 2014; Mo¨stl et al.,
2014; Shen et al., 2014). Previous studies of this event include a comparison with a
MHD simulation (Shen et al., 2014), and studies of the formation of the flux rope
(Cheng et al., 2014) and reconnection during the eruption (Dud´ık et al., 2014).
As for the 2010 April 08 CME, we reconstruct the CME’s trajectory by fitting
the GCS model to the coronagraph observations. Table 4.3 shows our reconstructed
CME positions, analogous to Table 4.1.
Time (UT) R (R¯) Latitude (◦) Longitude (◦) Angular Width (◦)
16:54 4.2 -14.5 80.8 30.0
17:08 5.8 -14.5 80.7 34.4
17:24 7.6 -12.0 80.6 34.4
17:54 10.9 -12.0 80.6 45.0
18:08 12.5 -12.0 80.6 45.0
18:24 14.1 -12.0 80.6 45.0
Table 4.3: Reconstructed position of the 2012 July 12 CME.
The blue circles in Figure 4.10 show the reconstructed latitude, longitude, width,
and velocity versus distance. Again, we assume the standard uncertainties of 5◦ and
10◦ for latitude and longitude. While the latitude and longitude do change slightly
within our observed range, the values are consistent with no deflection from the origi-
nal AR position due to our uncertainties. Unlike the 2010 April 08 CME, we see that
the angular width of the 2012 July 12 CME increases until about 10R¯. To mimic
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the effects of an overexpanding CME (faster than self-similar, Patsourakos et al.
(2010a,b)) we fit an exponential function of the form
θW(r) = θF(1− expr/rW) (4.2)
where θW is the angular half-width, r is the radial distance, and θF and rW are free
parameters representing the final CME width and the length scale over which the
width varies. We obtain a good fit to the observed width with θF = 50
◦ and rW = 5
R¯.
Fig. 4.10: Best fit for the 2012 July 12, analogous to Figure 4.6.
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4.3.2 ForeCAT Results
Figure 4.10 compares the best-fit ForeCAT results (black line) determined using
the χ2ν as for the 2010 April 08 CME with the reconstructed position. The second
column of Table 4.2 contains the best fit parameters for this CME. For this CME
we do not include the effects of rotation. We see no signature of rotation in the
reconstructed position, the best-fit results change by less than 0.01◦ in latitude and
longitude. and the CME rotates less than 1◦ . The ForeCAT results show that the
CME does deflect from its original position, however it is a negligible amount - less
than 0.5◦ in latitude and 2.5◦ in longitude.
Since we have fewer reconstructed points for this CME, and there is little dif-
ference between different times, it is more difficult to constrain many of the CME
parameters. When a CME has significant deflection, the χ2ν is very sensitive to pa-
rameters that affect the CME density, as determined from the CMEmass and volume,
as this causes the magnitude of the deflection to change. Accordingly, since we see
very little deflection, we do not consider a linearly increasing CME mass. Instead,
we approximate the CME mass as constant. Figure 4.11 shows χ2ν for different initial
CME parameters, analogous to Figures 4.7-4.9. In Figure 4.11 the top row shows
χ2ν determined using the reconstructed CME latitude, and the bottom row shows χ
2
ν
determined using the reconstructed CME longitude.
From the contours of χ2ν , we find the tightest constraints on the initial CME
latitude and longitude (Figure 4.11(a) and (f)). Only a small range of initial latitudes
and longitudes correspond to positions resulting in little to no deflection. For all other
positions near the AR PIL, the initial deflection forces are not balanced, leading
to deflections greatly exceeding the observed values. Combining the latitude and
longitude χ2ν gives an initial position between -14
◦ and -10◦ latitude and between 80◦
and 84◦longitude.
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The CME shape (Figure 4.11(c) and (h)) can also be constrained from the χ2ν
values. The observed longitude cannot be reproduced with a cross-sectional width
greater than 0.14 times the CME width (B equals the ratio of these values), except
for large values of A that do not reproduce the observed latitude. This limit on B is
comparable to the value found for the 2010 April 08 CME. A cannot exceed 1.4 for
small values of B. This upper limit is reduced to 0.9 for large values of B.
The rest of the initial parameters can, at best, be bounded on one side as χ2ν
is less than unity for much of parameter space. From Figure 4.11(b) and (g) we
determine the CME tilt must be less than 20◦, but can put no constraints on the
background drag coefficient. The CME mass (Figure 4.11(d) and (i)) must be larger
than 1015 g, but any larger mass is acceptable as this serves to decrease the total
deflection. For more massive CMEs, any initial speed reproduces the results, but
a mass as low as 1015 g requires an initial speed above 80 km s−1. The latitudinal
χ2ν yields no constraints on the transition distance for the radial propagation model
(Figure 4.11(e)). From the longitudinal χ2ν , however, we can constrain rga, the
distance of the transition from the gradual rise phase to the acceleration phase, to
be less than 1.9 R¯, which is slightly farther than the distance found for the 2010
April 08 CME. Both the initial speed and the distance at which the CME begins
accelerating determine how much time the CME spends in the low corona, which
determines how long it is affected by the strong magnetic forces at these distances.
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Chapter 5
Angular Momentum of Deflecting Solar
CMEs
Knowing whether a coronal mass ejection (CME) will impact Earth and the
orientation of its magnetic field upon impact are critical for predicting space weather.
The intensity of CME-driven geomagnetic storms (as measured by Dst) increases
with the magnitude of the CME velocity and the southward magnetic field strength
(Gosling et al., 1990, 1991; Gopalswamy et al., 2008; Xiong et al., 2006a, 2007).
In Chapter 2 we showed that the deflection forces quickly increase a CME’s
angular momentum as it begins deflecting, typically toward the HCS. With distance,
however, the magnetic forces decrease rapidly, causing the angular momentum to
increase at a much smaller rate (see Figure 2.16). For a strong magnetic background
(e.g., a CME erupting from a declining phase active region) the initial increase in
the angular momentum greatly exceeds any additional angular momentum gained
beyond a few solar radii. For a weak magnetic background (e.g., a quiet Sun or solar
minimum CME) the initial increase in the angular momentum is small, and the slow
continued increase at farther distances corresponds to a larger percentage of the total
angular momentum gained by the CME by 1 AU.
ForeCAT can also simulate CME rotation due to the differential forces act-
ing upon the CME. CME rotation is not as well observed as CME deflection, but
Vourlidas et al. (2011a) infer an extreme rotation of nearly 80◦ below 30 R¯ for the
2010 June 16 CME. In Chapter 2 we presented ForeCAT’s ability to determine ro-
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tation, but did not explore its variation with CME parameters or radial evolution in
great detail.
In this chapter we focus on the evolution of the angular momentum of CMEs
erupting from strong magnetic backgrounds. These CMEs tend to be the fastest and
have the strongest magnetic field, leading to the more extreme space weather effects
at Earth. We simulate 200 CMEs deflecting and rotating during propagation out to 1
AU. We ascertain at what distance CME deflections and rotations are “determined.”
We want to find the distance at which the deflection forces have a negligible influence
on the CME’s trajectory and orientation. This corresponds to the distance beyond
which the CME propagates with constant angular momentum.
5.1 CME Positions and Orientations
We simulate 100 CMEs sampling different masses and final propagation speeds.
The SOHO/LASCO CME catalog (Gopalswamy et al., 2009b) shows a range of CME
masses between 1013 g and 1016 g. Vourlidas et al. (2010) determine an average
CME mass of 1.6x1015 g from observations of 7668 CMEs. We simulate CMEs
with masses between 1014 g and 1016 g, ignoring the lowest mass CMEs as they
tend to be the least relevant for space weather effects. For each CME we assume a
constant mass with distance, although coronagraph and interplanetary scintillation
observations show that a CME mass can increase with distance due to accumulation
of the background solar wind material (Howard et al., 2007; Vourlidas et al., 2010).
The assumption of a constant mass makes these results upper limits on the total
deflection and rotation. LASCO CMEs have speeds between a few tens of km s−1
to a few thousand km s−1 with an average value of 475 km s−1 Gopalswamy et al.
(2009b). We consider CME speeds between 300 km s−1 and 1500 km s−1. These
138
ranges in mass and speed corresponds are the same as used for the parameter space
studies in Chapter 3, but here we simulate the CMEs all the way to 1 AU.
All CMEs are initiated from the same active region (AR) in CR 2029 (April-
May 2005, declining phase). The CMEs begin at an initial latitude and longitude of
-15.4◦ and 17◦ and a tilt of 72◦ clockwise from the solar equator. The CMEs have an
angular width of 27.6◦ and a cross-sectional radius of 0.01 R¯ (b in Figure 2.11).
Fig. 5.1: Deflected CME position at 2 R¯ (a) and 1 AU (b) for the standard PFSS
background and at 2 R¯ (c) and 1 AU (d) for a source surface radius of 3 R¯ . The
background color contours represent the radial magnetic field near the Sun, and the
line contours represent the magnetic field strength farther out. Each circle represents
an individual simulation, with the size of the circle indicating the CME mass and
the color indicating the velocity. The line through each circle (colored the same as
the circle) represents the orientation of the CME.
We investigate how close to the Sun a CME’s trajectory is determined. Figure
5.1 shows the position of the deflected CMEs at several distances. The background
color contours represent the radial magnetic field at the surface of the Sun. The strong
magnetic field region near the bottom left of each panel corresponds to the AR from
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which all the simulated CMEs erupt. The line contours indicate the radial magnetic
field strength farther out. The CMEs can be deflected initially by imbalances in
the AR magnetic field, and on global scales the CMEs tend to deflect toward the
HCS, the minimum in the background magnetic field intensity (black lines). Each
circle represents the position of an individual CME. The size of the circle represents
the CME mass with larger circles corresponding to more massive ones. The color of
the circle represents the CME’s radial speed as indicated by the color bar. The line
through each circle indicates the orientation of each CMEs’ toroidal axis.
Figure 5.1(a) and (b) show results using the standard PFSS model with RSS =
2.5 R¯ . Comparison between the position of the CMEs at 2 R¯ and 1 AU, panels (a)
and (b) respectively, shows that the fraction of the deflection beyond 2 R¯ is a small
component of the total amount. The CMEs initially deflect towards the west due to
the gradients present in the AR. As the CMEs propagate outward the gradients from
the AR weaken, and the global gradients deflect the CMEs northward toward the
HCS beyond 2 R¯. While all CMEs in this case show deflection toward the HCS,
none of them reach it. The slowest, lowest mass CMEs are the most susceptible
to variations in the direction of the magnetic gradients. When the nearby global
gradients differ significantly from the local gradients at the initial position they can
change the direction of the deflection of the slowest, least massive CMEs. This
behavior corresponds to a rapid increase in the angular momentum, followed by a
decrease and finally a gradual increase at farther distances.
As with the deflection, the majority of the rotation occurs below 2 R¯ , and
the rotation tends to increase with decreasing CME mass and velocity. CMEs with
similar masses tend to cluster together. We see a slight increase in deflection with
decreasing CME speed, creating the rainbow effect in Figure 5.1. The CMEs, initially
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aligned with the AR polarity inversion line, rotate toward an orientation parallel to
the HCS, consistent with the large-scale dipolar structure there.
To describe the background magnetic field we use again the Potential Field
Source Surface (PFSS, Altschuler & Newkirk (1969) and Schatten et al. (1969)).
However, based on observations of Type II radio bursts, Mann et al. (2003) and
Evans et al. (2008) suggest that the PFSS magnetic field may decay too rapidly with
distance, as discussed in section 2.1.6. Typically a source surface distances of 2.5 R¯
is used as it reproduces the global structure of the solar magnetic field (Hoeksema,
1984) Assuming the magnetic field becomes radial at this close distance, however,
may not accurately describe the ARs at low heights. We explore results using RSS =
3 R¯, which causes the magnetic field to fall less rapidly with radial distance. Figure
5.1(c) and (d) show results with RSS = 3 R¯. The increase in the magnetic field
strength causes an increase in the deflection and rotation at both distances. Despite
the increase in the deflection, none of these CME reach the HCS.
5.2 Distance of Constant Angular Momentum
We seek to quantify the distance beyond which there would be a negligible
change in the CME’s position at 1 AU if we do not include the deflection forces
beyond this distance. This corresponds to the distance at which the CME deflects
at a rate corresponding to constant angular momentum. Similarly, we can describe
the continued rotation as the result of angular momentum conservation.
In Chapter 2 we showed that when a CME deflects with constant angular mo-
mentum, its angular position as a function of radial distance, θ(R), can be described
as
θ(R) = θ0 +
vnr,0R0
vr
(
1
R0
− 1
R
)
(5.1)
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where θ0 is the angular position of the CME when it begins deflecting with constant
angular momentum at a distance R0, and vnr,0 and vr are the non-radial and radial
CME speeds at R0. The derivation of Equation 5.1 assumes that the radial speed
remains constant. As r increases, θ asymptotes to a constant value.
5.2.1 Deflection
We determine how accurately Equation 5.1 describes the deflection for different
values of R0. For each R0 we determine the ratio, f , of the total deflection at 1 AU
predicted by Equation 5.1, θ(215 θsim), and the total simulated deflection at 1 AU,
θsim, as
f =
θ(215 R¯)
θsim
(5.2)
Figure 5.2 shows the total simulated deflection at 1 AU and f for R0 equal to 2
R¯, 5 R¯, and 10 R¯. The top row shows results for the standard PFSS magnetic
background. Figure 5.2(a) shows that assuming constant angular momentum beyond
2 R¯ leads causes a predicted deflection within 10% of the simulated deflection
for all masses and velocities. This underprediction partially comes from the small
continued increase in the angular momentum and the fact the CME’s radial speed
increases until 3 R¯, but we use the final propagation velocity for Figure 5.2. This
underestimates the deflection between 2 and 3 R¯as the CME actually propagates
slower at this distance. Figure 5.2(c) shows that for R0 = 5 R¯ the assumption
of constant angular momentum yields underpredictions of 1% to 5%. Increasing
R0 to 10 R¯ has little further effect. The largest errors occur for slow, high mass
CMEs, which gain little angular momentum in the low corona but slowly gain more
at farther distances. However, these CMEs exhibit deflections of less than 5◦ so the
the underprediction of 5% corresponds to only 0.25◦.
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Figures 5.2(e)-(h) show the same as Figures 5.2(a)-(d) but for RSS = 3 R¯. The
increase in the magnetic field strength close to the Sun causes a larger fraction of the
angular momentum to be obtained below 2 R¯, causing f to increase for most CMEs
at all distances. The low values of f for small masses occur when a CME’s angular
momentum decreases as the strength of the global gradients begin to exceed the local
gradients and the CME changes direction. For this source surface radius and most
CME masses and speeds, the predicted and simulated deflection agree within 1%
when assuming constant angular momentum beyond 5 R¯.
5.2.2 Rotation
The rotation can also be described by Equation 5.1 since the moment of inertia
for rotation about the CME nose (see Appendix B) can be shown to be proportional
to R2, assuming self-similar expansion. The non-radial velocity vnr,0 is replaced by
the angular velocity times the distance, ω0R0. Figure 5.3 shows the total rotation
and f for several distances for both values of RSS, analogous to Figure 5.2.
The rotational angular momentum tends to noticeably increase out to farther
distances than the angular momentum corresponding to deflection. Only 50%-80%
of the total rotation is recovered by assuming constant angular momentum beyond
2 R¯. Assuming constant angular momentum beyond 10 R¯yields underestimates
of the total rotation by 10%. The larger source surface causes larger rotations but
the behavior with distance is nearly the same for the two source surface heights. For
the slowest, low mass CMEs an error of 10% may be significant as it corresponds to
2.7◦ and 11◦, for a RSS of 2.5 R¯ and 3 R¯, respectively. For the slowest, high mass
CMEs this error is negligible as it corresponds to less than 0.1◦.
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5.3 Implications
The magnetic forces driving CME deflection and rotation decay rapidly with
distance causing little acceleration beyond 2 R¯. The CME deflects beyond this
distance at a rate corresponding to constant angular momentum, asymptotically ap-
proaching a constant displacement. The total simulated deflection at 1 AU can be
predicted within 1% for most CMEs by assuming a CME propagates with constant
angular momentum beyond 5 R¯. The rotation tends to evolve out to farther dis-
tances but can be predicted within 10% by assuming constant angular momentum
beyond 10 R¯. We note that these distances are representative of the distance at
which the solar wind transitions from a low to a high plasma β, defined as the ratio
of the thermal to magnetic pressure. The solar wind can only efficiently transfer an-
gular momentum to a CME through magnetic forces in a low plasma β environment,
analogous to the transfer of angular momentum to the solar wind (Weber & Davis,
1967). Figure 5.4 shows the plasma β versus radial distance above the AR considered
in this work. We use the Guhathakurta et al. (2006) density model and both versions
of the PFSS magnetic field. ForeCAT does not require a coronal temperature so we
assume a constant value of 3 MK, representative of the observed electron tempera-
ture above ARs (Sterling et al., 1997). Figure 5.4 shows that β exceeds unity above
17R¯ to 26R¯, with the distance being farther for larger source surface distances.
CME deflection varies according to the relative positions of the HCS, ARs,
coronal holes, and CME source region. The HCS is flat at solar minimum and warped
at solar maximum. Throughout the solar cycle the relative importance of the local
and global gradients may change as ARs become more numerous and stronger and the
inclination of the HCS increases. Both factors may affect the distance at which CME
deflection is determined; this work has only considered a declining phase Carrington
Rotation.
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Fig. 5.4: Plasma β (ratio of thermal to magnetic pressure) versus radial distance for
RSS = 2.5 R¯ (black) or 3 R¯ (red). The dashed line indicates β=1.
While many authors have presented observations of interplanetary CME deflec-
tions, they do not explicitly present the angular momentum at these distances, al-
though it could be estimated from the published trajectories and white-light masses.
If an observed interplanetary deflection has increasing angular momentum, some
force must be actively accelerating the CME at interplanetary distances. Much of
observed interplanetary deflection occurs in the longitudinal direction (Gosling et al.,
1987; Lugaz et al., 2010; Davies et al., 2013; Wang et al., 2014). The upcoming Solar
Orbiter mission will reach as high as 34◦ heliographic latitude and as close as 0.28
AU heliocentric distance, providing an unprecedented view of longitudinal deflec-
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tions. This perspective will allow for a more precise study of the evolution of CME
angular momentum.
ForeCAT includes the magnetic forces at all distances, including interplanetary
space. Our results suggest that the interplanetary magnetic forces are not strong
enough to influence CME motion at interplanetary distances with high plasma β.
ForeCAT does include many simplifications, notably the lack of enhancement of
the solar wind magnetic field surrounding the CME due to the CME’s expansion and
propagation. This effect will increase the magnetic deflection forces at interplanetary
distances. ForeCAT’s current interplanetary forces are many orders of magnitude
too small to produce noticeable interplanetary deflections. The magnetic forces at
50 R¯ tend to be about 10−5 their coronal values, so the compressed magnetic
field surrounding the interplanetary CME would need to be enhanced by a factor
of over 300 times the ambient value. We suggest that interplanetary deflections at
rates corresponding to increasing angular momentum must be accelerated by non-
magnetic forces or result from the interaction of multiple CMEs (Xiong et al., 2006b,
2009; Lugaz et al., 2012), or are nonphysical and result from large uncertainties in
the measurement methods.
The interaction of CMEs with the HCS remains an important area of open
research. The enhanced density structure of the HCS can interfere with the propaga-
tion of interplanetary shocks (Odstrcˇil et al., 1996), and will likely also affect CME
propagation. None of the CMEs originating in the AR considered in this work can
reach the HCS, however Figure 3.5 shows cases where the CME crosses underneath
the cusp separating the streamer region from the base of the HCS.
Since the deflection and rotation tend to be determined by 10 R¯ it is essen-
tial to use accurate representations of the solar conditions in this distance range.
Unfortunately this corresponds to the distance at which the current solar models
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are the most uncertain. The PFSS magnetic field model, a very commonly used
model, assumes that the magnetic field is current-free and can be described as the
gradient of a magnetic potential. The intense magnetic field fields of ARs, which
can contribute significantly to the CME deflection, are certainly more complex than
this simple current-free approximation. Additionally, the PFSS model tends to be
driven by data from synoptic maps acquired over a full solar rotation and ARs can
evolve on much shorter scales. These factors also apply to the global magnetic field
configuration, but tend to have less of an effect.
Our understanding of the solar magnetic field will greatly improve through the
observations by Solar Probe Plus, scheduled to launch in 2018 and reach the smallest
perihelion of 8.86 R¯ over six years later. One of the primary science goals of Solar
Probe Plus is to “determine the structure and dynamics of the magnetic fields at
the sources of solar wind.” Measuring the magnetic field at these close distances
will greatly help constrain our magnetic field models. In the meantime, we suggest
that the ForeCAT model can not only reproduce the observed deflection, but also
constrain the unknown mass and drag coefficient as well as the background magnetic
field.
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Chapter 6
Deflection of CMEs in M Dwarfs:
Consequences for Habitability
In this chapter, we present the first use of ForeCAT for a planetary system
other than our own solar system. In particular we simulate deflections for the M
dwarf (dM) V374 Peg and for a solar-like star. We consider the implications of the
deflection on planetary impacts at either the dM habitable zone, or for a hot Jupiter
orbiting the solar-type star.
6.1 Extrasolar Space Weather
Small, low mass stars, such as dMs, vastly outnumber their more massive coun-
terparts within the Galaxy. dMs cover a wide range of stellar properties with masses
ranging between 0.08 and 0.6 M¯, and effective temperatures between 2500 and
3800 K (Scalo et al., 2007). Because of the wide range in stellar parameters, there
is significant difference between early- and late-type dMs. The fully-convective, late-
type dMs frequently have strong magnetic fields (¿1 kG) and have high levels of
magnetic activity (Khodachenko et al. (2007a) and references within). Additionally,
dMs have extended main-sequence lifetimes, from 50 Gyrs up to several thousand
Gyrs (Tarter et al., 2007).
The frequency of dMs, combined with their long main sequence lifetime and low
luminosity have made them popular targets in the search for habitable exoplanets.
Many of the aspects that make dM exoplanets easier to find, however, may also be a
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detriment to their habitability. The cool, low luminosity nature of dMs leads to close
“habitable zones” (HZ), defined by the traditional requirement of planetary tempera-
tures conducive to the existence of liquid water. dM HZs range between 0.03 AU and
0.4 AU, with the distance being the smallest for late-type dMs (Khodachenko et al.,
2007a). Stellar activity tends to increase with the size of the stellar convection enve-
lope (Scalo et al., 2007) and stellar rotation rates (West et al., 2014). Accordingly,
we expect that dM stars may have significantly enhanced stellar activity as com-
pared to the Sun, and the relative enhancement of the activity will further increase
due to the close proximity of a “habitable” dM exoplanet. dMs have extremely long
main sequence lifetimes and can remain active for periods of order Gyrs (Scalo et al.,
2007), potentially impinging on exoplanet habitability over long time scales.
The X-ray and EUV flux (XUV) can have large effects on the habitability of a
planet. The radiation can heat the upper atmosphere or even ionize it, leading to
atmospheric ion pick up loss (Lammer et al., 2007). If the UV radiation can penetrate
to the surface, then it can damage any potential DNA present (Scalo et al., 2007).
While the quiescent XUV flux for a dM HZ planet is likely an order of magnitude
less than that at Earth, the flux will increase to 10-100 times that at Earth during
dM flares (Scalo et al., 2007).
Scalo et al. (2007) suggest that retaining a moderate atmosphere is critical for
habitability and that this can be facilitated by the presence of a strong planetary
magnetic field. However, Grießmeier et al. (2005, 2009) suggest that planets orbiting
dMs at distances less than 0.2 AU may be tidally locked, and the slow rotation
will affect the planetary dynamo, leading to little to no planetary magnetic field.
Khodachenko et al. (2007a) show that in the case of a significant planetary magnetic
field, the atmosphere can still be eroded when CME impacts compress the planetary
magnetosphere.
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Thus, the likelihood of an exoplanet orbiting at HZ distances actually being hab-
itable decreases as the number of CME impacts increases because the planet is more
likely to retain an atmosphere shielding the surface from harmful XUV radiation. We
suggest that dM exoplanets are more likely to be habitable if their orbital plane corre-
sponds to locations where CMEs are less likely to impact. Recent observations of dMs
indicate that multi-planetary systems are common, and that the planets tend to share
an orbital plane (Lissauer et al., 2011; Tremaine & Dong, 2012; Fang & Margot,
2012; Fabrycky et al., 2014; Ballard & Johnson, 2014; Crossfield et al., 2015). For
a planet orbiting a star which formed from the same gaseous disk, we expect low
obliquity (angle between the planetary orbit and the stellar rotation), however, many
counterexamples with high obliquity have been observed (Sanchis-Ojeda et al., 2012,
2013; Bourrier & He´brard, 2014; Dawson & Chiang, 2014). Morton & Winn (2014)
find that the orbits of single planets tend to be more oblique than multi-planet sys-
tems.
To be able to predict which dM planetary orbits are most likely to be habitable,
we need to understand where CMEs are most likely to impact at HZ distances. As we
have shown in previous chapters, solar CME deflections tend to bring CMEs closer
to the HCS. Since these deflections occur as a result of magnetic forces, we expect
to find larger deflections for dM CMEs due to the strong magnetic fields of dMs.
While dMs may be the most common star, “hot Jupiters” (HJ) were originally
one of the most frequently discovered types of exoplanet. HJs tend to orbit solar-
like stars (F-, G-, and K-type) at very close distances, typically of order 10 stellar
radii (R∗) and as small as 3 R∗ (Hebb et al., 2009). The close orbits lead to a
systematic bias in the frequency of observed HJs - these planets are the easiest to
observe using radial-velocity or transits. For example, the transit of the exoplanet
HD189733b results in a photometric depth of 3% in the light curve (Bouchy et al.,
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2005). While HJs may account for approximately 20% of discovered exoplanets,
Wright et al. (2012) suggest that only 1% of F, G, and K type stars host an HJ.
Due to their close orbits, HJs do not exist in the HZ of their host stars. However,
HJs present an opportunity to study planetary systems unlike anything else in our
own solar system. The study of HJs has yielded new insights on the evolution of
planetary systems as HJs are thought to form at farther radial distances and migrate
in toward the star (e.g. Kozai (1962) and Lin et al. (1996)). HJs are expected to have
very different planetary weather than seen in the solar system. The large asymmetry
between the dayside and nightside temperatures can lead to extreme atmospheric
winds as fast as 3000 m s−1 (Kataria et al., 2013).
The small orbital distances lead to high levels of insolation, which can inflate the
radii of HJs and lead to lower planetary densities Burrows et al. (2007). The high lev-
els of XUV radiation can cause the inflated atmospheres to escape at extreme rates.
For HD189733b, Vidal-Madjar et al. (2003) determine a minimum atmospheric es-
cape rate of 1010 g s−1, and observations are consistent with values up to several or-
ders of magnitude higher. More recent measurements by Lecavelier Des Etangs et al.
(2010) are consistent with a rate of 1010 g s−1. The hot, inflated atmosphere would
be extremely vulnerable to erosion from CME impacts unless shielded by a planetary
magnetic field (Lammer et al., 2006; Khodachenko et al., 2007b)
In this chapter, we adapt the ForeCAT model, to predict the deflections of dM
CMEs and the effects at distances corresponding to the orbits of HJs. Considering
the full range of plausible CME masses and velocities for both cases, we determine
whether CME deflections can increase the likelihood of exoplanetary impacts. We
will show that deflections cause an increase in the frequency of CME impacts, which
may be detrimental to dM exoplanet habitability or increase the atmospheric erosion
of HJs.
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6.2 Stellar Wind Parameters
V374 Peg is an M4 star with radius R∗ = 0.34 R¯, mass M∗ = 0.28 M¯,
and a 0.44 day rotation period. The habitable zone should exist around 0.1 AU
(20 R¯). While smaller mass dMs will have even closer habitable zones that may
lead to more extreme space weather, we use V374 Peg in this work as it has a well-
studied surface magnetic map, reconstructed through the use of Zeeman Doppler
Imaging (Donati et al., 2006). This map of the magnetic field has been used to drive
several MHD simulations of the stellar wind (Vidotto et al., 2011; Kornbleuth et al.,
2015). We use the V374 Peg magnetogram and a source surface radius of 5 R∗, the
same as used in (Vidotto et al., 2011) and Kornbleuth et al. (2015), to determine
the magnetic field with the PFSS model. To study the effects on HJs of solar-type
stars, we simulate a solar-type star with a magnetic background corresponding to
Carrington Rotation (CR) 2029 (2005 April-May), used previously with ForeCAT in
Chapters 4-6.
For the background stellar wind, we use the results of the MHD solutions pre-
sented in Kornbleuth et al. (2015). Kornbleuth et al. (2015) consider two types of
solar wind heating: a non-isothermal-driven wind where the wind is heated by a
spatially-varying polytropic index (Cohen et al., 2007), and an Alfve´n-driven model
where the wind is accelerated and heated by Alfve´n waves that are damped by sur-
face Alfve´n waves and/or turbulence (van der Holst et al., 2010; Evans et al., 2012).
For V374 Peg we use both models (Kornbleuth et al., 2015), which we refer to as
V374 ALF and V374 TER. For CR 2029 we consider one Alfve´n case and two non-
isothermal cases (cases 2-4 of Kornbleuth et al. (2015)), referred to as CR2029 ALF
and CR2029 TER1 and CR2029 TER2 in this work. CR2029 TER1 uses the same
unscaled magnetic field and coronal boundary density and temperature as in CR2029
ALF. For CR2029 TER2, the background magnetic field is scaled up by a factor of 4
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in the MHD simulation, a common practice with the non-isothermal driven heating.
Additionally, CR2029 TER2 has a larger coronal base density and hotter coronal
temperature than CR2029 ALF.
For each case we determine the coefficients for the density model of
Guhathakurta et al. (2006) (hereafter G06) by fitting to the MHD models. As dis-
cussed in Chapter 2, the G06 model determines the solar wind density using the
combination of a current sheet and a polar radial density profile,
ρx = a1e
a2z+a6z2z2[1 + a3z + a4z
2 + a5z
3], (6.1)
where x represents either the current sheet (CS) or the polar (P) values. The relative
contribution of each polynomial is weighted by λ, the distance from the current sheet,
ρ(R, θ) = ρp(R) + [ρcs(R)− ρp(R)]e−λ2/w2 , (6.2)
where w is a measure of the angular width of the current sheet. We fit the width
from the MHD solution using a second order polynomial below 4.5 R¯ or 4.5 R∗
w = w1 + w2R + w3R
2 (6.3)
where the radial distance R has units of R¯ or R∗ for the solar and dM cases,
respectively. Figure 6.1 shows the number density versus radial distance for the five
density models used in this chapter, as well as the G06 model. For all cases the
current sheet density (solid lines) exceeds the polar density (dashed lines). V374
ALF and V374 TER (cyan and red lines, respectively) behave similarly close to
the star, but V374 ALF exceeds V374 TER at farther distances. Both dM models
exceed the solar models by several orders of magnitude at all distances. Both the
current sheet and polar components of CR2029 ALF and CR2029 TER2 (blue and
magenta, respectively) behave similarly to the G06 current sheet profile (solid black
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line). CR2029 TER1 is orders of magnitude smaller than the other solar models,
particularly at large distances.
Fig. 6.1: Number density versus radial distance for V374 ALF (cyan), V374 TER
(red), CR2029 ALF (blue), CR2029 TER1 (green), CR2029 TER2 (magenta), and
G06 (black). The solid and dashed lines correspond to the current sheet and polar
profiles of each model.
We determine the stellar wind velocity using the density and the assumption of
a constant mass flux along a radial path. The solar mass flux values are the same
as those given in Kornbleuth et al. (2015). As done in previous chapters, we use
a higher mass flux in the poles than in the current sheet and determine the value
at any given location using a weighting based on angular distance from the current
sheet. As already mentioned, CR2029 TER1 produces mass fluxes significantly less
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than observed solar values. We find that ForeCAT is not terribly sensitive to the
chosen values because their effects only become significant at distances at which the
deflection has become negligible.
6.3 CME Parameters
Although coronagraph images have been instrumental to our current under-
standing of solar CMEs, directly imaging extrasolar CMEs remains impossible for
the foreseeable future, so the properties of stellar CMEs must be inferred by other
means. Searches for signatures of stellar CMEs have been found in type II radio
bursts (Jackson et al., 1990; Abdul-Aziz et al., 1995; Abranin et al., 1998), X-ray
dimmings (Jensen et al., 1986), UV absorption (Schroeder, 1983), and, more recently,
an enhancement in the blue wing of a spectral line due to the Doppler shift of a prop-
agating CME (Houdebine et al., 1990; Den & Kornienko, 1993; Ding et al., 2003;
Guenther & Emerson, 1997; Fuhrmeister & Schmitt, 2004; Leitzinger et al., 2014).
Successful observations of blue-wing enhancements have yielded CME velocities be-
tween a few hundred to many thousands of km s−1. These observations suggest
stellar CMEs may have masses and velocities greatly exceeding the average solar val-
ues of a few times 1014 g and approximately 500 km s−1 (Gopalswamy et al., 2009b).
Houdebine et al. (1990) infer an 8x1017 g CME erupting at 5800 km s−1 from the
young dM AD Leo, and Guenther & Emerson (1997) estimate a 1018 to 1019 g CME
from a T-Tauri star.
The plausible range of dM CME parameters can be approximated based on
observations of dM flares combined with scaling relations between CMEs and flares
determined from solar measurements. Aarnio et al. (2011, 2012) determine an em-
pirical relationship between solar flare energy and CME mass and show that it can
be extrapolated to other stellar types with larger flare energies. Audard et al. (2000)
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analyze the flare rates of late-type stars and determine that, on average, a few 1032-
erg flares occur per day. This flare energy is equivalent to that of the largest observed
solar flares (Schrijver et al., 2012). Using the flare energy-CME mass relation from
Aarnio et al. (2012), we expect a dM to release several 1017-g CMEs per day.
To determine the plausible range of dM CME velocities, we first consider
the range of solar CME velocities. It is generally assumed that some fraction
of an active region’s (AR’s) free magnetic energy is converted into a CME’s ki-
netic energy (or the quiet sun magnetic energy in the case of filament eruptions).
Venkatakrishnan & Ravindra (2003) and Chen et al. (2006) find a strong corre-
lation between CME velocity and the AR magnetic energy. Using the data of
Venkatakrishnan & Ravindra (2003) and making the approximation of a constant
mass for all CMEs, we find between 0.5% and 5% of the available magnetic en-
ergy tends to be converted into kinetic energy depending on the chosen CME mass.
Gopalswamy (2004) estimate the available energy in a large AR (diameter 5 arcmin,
total volume V=1030 cm3) with average photospheric magnetic field strength 200 G
to be 1.6x1033 ergs. For a more average size AR (1000 Mm2 ≈ 0.8 arcmin diameter,
Howard (1996)) we find an available energy of 2.5x1031 ergs. We determine a typical
CME mass by assuming a half-torus of major and minor radius 0.2 and 0.05 R¯
filled with the coronal base density (8.35x10−16 g cm−3, Guhathakurta et al. (2006)).
This yields a mass, M , of 1.4x1015 g, nearly the same as the average observed CME
mass of 1.3x1015 g (Vourlidas et al., 2010, 2011b). Assuming some fraction α of the
total magnetic energy becomes kinetic energy, we can determine the CME velocity,
vCME.
vCME =
√
αB2V
4piM
(6.4)
For α=0.05 and using the large AR volume, we find a maximum velocity of approx-
imately 3400 km s−1, and for the average AR volume, we find a velocity of approxi-
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mately 425 km s−1. These velocities are in good agreement with the maximum and
average observed solar CME velocities.
We now apply this estimation, shown to be reasonable for solar CMEs, to dM
CMEs. We assume the AR and CME retain the same size relative to their host star.
The dM volumes correspond to (R∗/ R¯)3, or 3.9%, of their solar values due to
the smaller radius of V374 Peg. Our dM density model has a coronal base density
of 1.67x10−13 g cm−3, which yields a CME mass of 1.66x1016 g, about an order of
magnitude larger than the average solar CME mass. Observations of dM surface
magnetic field strength tend to lack sufficient resolution to resolve individual ARs.
The average AR B of 200 G used in the previous calculation is approximately 20
times the average solar quiet sun photospheric value, so we scale the observed dM
magnetic field of 1 kG to 20 kG in an dM AR. Using Equation 6.4 with these values
yields an average velocity of 4,013 km s−1 for a 1.66x1015 g CME, and a maximum
velocity of 31,600 km s−1.
To cover a reasonable range of the plausible dM parameter space, we simulate
CMEs between 1014 g to 1019 g. The lower limit represents the least massive solar
CMEs relevant for space weather and the upper limit corresponds to the maximum
stellar values inferred from observations. We consider dM velocities from 300 km s
−1 up to 10,000 km s−1. For the more massive CMEs we restrict the velocity to the
upper limit, vmax, determined using Eq. 6.4 and the large dM AR volume (3.9x10
28
cm3) with an average B of 20 kG.
vmax = 39500
(
M
1015g
)−1/2
km s−1 (6.5)
For the solar-type simulations we use the observed solar CME ranges of masses
between 1014 g to 1016 g and velocities between 300 km s −1 and 1,500 km s−1.
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6.4 ForeCAT Results for V374 Peg CME Deflections
Using ForeCAT, we simulate the deflections of CMEs out to 60 R∗. All CMEs
begin at a longitude of 150◦, and we consider high, mid, and low latitude CMEs, which
respectively start at 70◦, 40◦, and the equator. The CMEs are oriented parallel to
the equator, and we do not consider any effects of rotation in this chapter. For each
initial position we initiate CMEs with masses between 1014 g to 1019 g and velocities
between 300 and 10,000 km s−1, or the maximum velocity determined by the mass
and Equation 6.5.
6.4.1 Individual Cases
Before looking at results for the full mass and velocity parameter space, we
consider a few individual cases to better understand the differences between solar
and dM CME deflection. Figure 6.2 shows the trajectory of mid latitude CMEs with
masses of 1014 g and velocities of 300 km s−1 (cyan), 1,000 km s−1 (white), and 5,000
km s−1 (purple). In each panel the color contours show the radial magnetic field and
the line contours show the magnetic field strength at the source surface. The black
contour line gives the approximate location of the current sheet, the minimum in the
magnetic energy at farther distances. We refer to the stellar analogue of the HCS as
the Astrospheric Current Sheet (ACS). Based on solar CME deflections, we expect
stellar CMEs to deflect toward the ACS.
Stellar rotation causes the background to change with respect to a CME’s posi-
tion, even if the CME is not deflecting. Since CMEs with different final propagation
speeds will experience different amounts of stellar rotation, rather than shifting the
background we add the translation due to rotation into the CMEs’ trajectory in Fig-
ure 6.2. A CME that does not deflect would appear as a line of constant latitude in
Figure 6.2.
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Fig. 6.2: The effect of the final propagation speed on the deflection of a CME. The
color and line contours represent the background magnetic field, as described in the
text, and the lines represent the trajectory out to 60 R∗ for a 300 km s−1 CME
(cyan), a 1,000 km s−1 CME (white), and a 5,000 km s−1 CME (purple). A shift in
longitude due to stellar rotation is incorporated into the CME trajectory.
The CMEs initially behave the same, deflecting eastward and toward lower
latitudes, as they have the same speed during the slow rise phase. In Figure 6.2 the
trajectories overlap until the acceleration phase begins. All three CMEs move toward
the ACS and upon reaching it they become remain there as they cannot penetrate
the potential barrier on the opposite side. In Figure 6.2 the combined stellar rotation
and deflection motion causes the CME trajectories to clearly trace the path of the
ACS.
We note that ForeCAT uses a simplified description of ACS, but a more accurate
description is currently beyond the scope of ForeCAT. We expect that the ACS of
a dM or solar-like star behaves similarly to the HCS. The CME impacting the ACS
should also distort it resulting in magnetic forces that oppose the CMEs passage,
which is not accounted for in ForeCAT. This effect should increase the ability of the
ACS to trap CMEs.
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For all cases, as the star rotates, the CME’s stellar longitude changes, and the
latitude of the ACS changes, causing the CME to deflect latitudinally. The stellar
magnetic field is strong enough to force low mass CMEs to continue sliding along the
ACS for the duration of the propagation out to 60 R∗. Faster CMEs experience less
change in longitude due to the decrease in propagation time.
We also consider the effects of different CME masses and initial starting loca-
tions. Figure 6.3 shows results in the same format as Figure 6.2 but for CMEs with
a speed of 1000 km s−1. Analogous to Figure 6.2, the effects of rotation have been
incorporated into the CME trajectory. The top, middle, and bottom panels corre-
spond to the high, mid, and low initial latitudes, respectively, the white trajectories
correspond to a 1014 g CME, and the purple trajectories to a 1018 g CME.
The white line in the middle panel of Figure 6.3 corresponds to the same case
as the white line in Figure 6.2. The top and bottom panels show that the low
mass CMEs behave similarly, regardless of their initial location. Although the CMEs
deflect to the ACS, the actual path taken will vary. Upon reaching the ACS the
CMEs remain trapped, experiencing very little longitudinal motion in the inertial
frame. The effect of stellar rotation on the position of the ACS then forces the CME
to change latitude.
As seen in Kay et al. (2015b), the deflection decreases with CME mass, however,
significant deflections (>20◦) can still occur for 1018 g CMEs. For these high mass
CMEs, the deflection tends to cease by 5 R∗. In the CME trajectories in Figure 6.3
this corresponds to a horizontal line toward the east. When the ACS is inclined with
respect to the stellar equator, the motion due to rotation can move the CME away
from the magnetic minimum. Unlike for the low mass CMEs, the magnetic forces
are not strong enough to cause the high mass CMEs to slide along the ACS.
162
Fig. 6.3: The effect of initial position and CME mass on the CME deflection, in the
same format as Figure 6.2. The effects of stellar rotation have been incorporated into
the CME trajectory. The top, middle, and bottom panels correspond to high, mid,
and low initial CME latitudes. The white lines correspond to 1014 g CMEs and the
purple lines to 1018 g CMEs.
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Fig. 6.4: Deflected positions of CMEs sampling mass and velocity parameter space
for the dM V374 Peg. The left and right panels show the positions at 2 R∗ and 60 R∗,
respectively. Each circle represents a CME and the size and color indicate the CME
mass and velocity. The color and line contours represent the background magnetic
field as in Figure 6.2. The cluster of larger circles in each panel in the left column
corresponds to the initial CME location, as these represent high mass CMEs that
experience little deflection. The effects of stellar rotation have been incorporated
into the CME positions.
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6.4.2 Full Parameter Space
Figure 6.4 shows the results of 115 simulations for each initial latitude spanning
a range of CME masses and final propagation speeds. The color and line contours
represent the magnetic background as in Figures 6.2 and 6.3. Each circle represents
a single CME, and the size of the circle indicates the CME mass, with more massive
CMEs being larger. The color of each circle represents the CME’s final speed. The
left panels show the position of each CME at 2 R∗, and the right panels at the
habitable zone distance, 60 R∗ . As in Figures 6.2 and 6.3 we have incorporated a
change in longitude due to stellar rotation to better show the position of the CMEs
with respect to the appropriate portion of the ACS. The most massive CMEs, which
have the smallest total deflections, show a negligible deflection between 2 R∗ and
60 R∗. Their motion in this range is predominantly due to the stellar rotation.
Accordingly, we only include CME masses as large as 1017 g in the right panels of
Figure 6.4. The top, middle, and bottom panels show results for the high, mid, and
low latitude cases, respectively.
The left panels of Figure 6.4 show a cluster of CMEs around the initial location
corresponding to the most massive CMEs, which deflect the least. For solar CMEs,
the deflection is typically determined below 2 R¯. We find that while much deflection
occurs below 2 R∗, a significant amount occurs at farther distances. The lower mass
CMEs are more tightly clustered around the ACS at 60 R∗ than 2 R∗ for all initial
latitudes. For each initial latitude, we see that the CMEs with the same final speed
tend to reach the same final longitude at 60 R∗ so their final longitude is determined
by the propagation time.
ForeCAT results show that the strong magnetic fields of V374 Peg can cause
significant deflections, which cause the majority of CMEs to move closer to the ACS.
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To understand the effect on exoplanet impact, we need to know the average distance
of a dM CME from the ACS, which will depends on the CME mass.
For each initial latitude we determine the average distance from the ACS (in-
cluding the effects of stellar rotation) as a function of CME mass. Figure 6.5 shows
this quantity for the high (green), mid (red), and low (blue) initial latitudes. The
error bars correspond to one half of the standard deviation. Small masses have small
error bars because all the CMEs deflect close to the equator and show little scatter.
The error bars decrease for large masses because of having fewer cases due to the
maximum attainable speed cutoff from Equation 6.5.
Below approximately 5x1017 g the distance from the ACS decreases with mass
for all cases. Above this mass the trend is less clear and the distance depends more
strongly on the initial distance (marked with a dashed line for each case). We fit a
quadratic polynomial to all three sets of data below 5x1017 g to get a relation between
CME mass, MCME, in g, and distance from the ACS, ∆ACS, in
◦, at 60 R∗.
∆ACS = 1.307 log (MCME)
2 − 37.53 log (MCME) + 269.9 (6.6)
The solid black line in Figure 6.5 shows this fit. Above 5x1017 g we assume the CME
deflection is negligible, and the CME remains at its initial distance from the ACS.
The averages in Figure 6.5 tend to be close to the initial distances for each mass. As
Figure 6.3 shows, these massive CMEs do initially deflect toward the ACS but after
the deflection ceases the stellar rotation can cause an increase in the distance from
the ACS.
6.5 ForeCAT Results for HJ Distances
We repeat the analysis of the previous section for HJs orbiting solar-type stars
at a distance of 10 R¯, a distance representative of typical HJ orbits. We simulate
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Fig. 6.5: The CME distance (in degrees) from the ACS as a function of the CME
mass. For each initial CME latitude we determine the average distance of the CMEs
from the ACS at 60 R∗ (green:high, red:mid, blue:low). The dashed lines show the
initial distance from the ACS. The black line indicates the quadratic best fit to the
results from all three initial latitudes for masses below 5x1017 g.
CMEs with masses between 1013 g and 1016 g and speeds between 300 and 1500
km s−1, the same range seen for solar CMEs (Vourlidas et al., 2010). Since we use
a high resolution solar magnetogram we can resolve active regions and place the
CMEs at their polarity inversion lines. We consider CMEs erupting from an active
region (initial latitude and longitude of -15.4◦ and 17◦ with a tilt of -72◦, hereafter
AR CMEs) and CMEs erupting from the quiet sun (initial latitude and longitude of
37.2◦ and 121.9◦ with a tilt of -31.9◦, hereafter QS CMEs). These CMEs correspond
to the same locations as cases 2029A and 2029b from Chapters 2 and 3. For both
initial positions we consider all three background densities: ALF, TER1, and TER2.
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Figure 6.6 shows simulations for a 300 km s−1, 1014 g CMEs erupting from both
initial locations for all three backgrounds (ALF in red, TER1 in white, and TER2 in
blue).
Fig. 6.6: Dependence of the CME deflections on the stellar wind density model for
solar-type stars (ALF in red, TER1 in white, and TER2 in blue). This background
corresponds to the solar declining phase Carrington Rotation 2029. The background
color and line contours represent the magnetic field as in Figure 6.2.
For both initial locations we see that the CMEs deflect toward the ACS. In
this case we see larger deflections from the QS CMEs than the AR CMEs. The AR
CMEs initially deflect to the west until their longitudinal motion is halted and the
CMEs begin a small latitudinal deflection. The initial westward deflection results
from imbalances in the local magnetic gradients in the active region. This motion
continues until the CMEs approach a region of enhanced magnetic field strength
around 50◦ at 1.45R¯. This enhancement slows their longitudinal motion. The
ensuing latitudinal motion is a result of the global magnetic gradients determined
by the location of the ACS. Much weaker local magnetic gradients deflect the QS
CMEs so their trajectory more closely resembles the direction of the global magnetic
gradients.
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For each initial position the ALF and TER2 density models produce similar
results, but the TER1 model yields a significant difference. As the mass loss rate
of the background stellar wind decreases, the total amount of deflection increases
due to the decrease in the drag, which results from the decrease in the stellar wind
density. Note that the Guhathakurta et al. (2006) density model, used previously
for solar ForeCAT simulations, produces results nearly identical to the ALF model.
Hereafter we only consider the ALF and TER1 backgrounds and assume the TER2
results do not differ from the ALF results.
Figure 6.7 shows the deflected positions at 10 R¯ for CMEs sampling a range
of solar CME mass and velocities for the solar-type star, analogous to Figure 6.4. We
include results for both initial positions using the ALF and TER1 density models.
For the AR CMEs (top panels) we find that the smallest masses behave similar to the
cases in Figure 6.6 - they deflect westward until the region of enhanced magnetic field
slows their longitudinal motion and the global gradients create a latitudinal motion.
The more massive CMEs deflect slower causing them to reach the enhanced magnetic
field at farther distances where the enhancement has weakened and is unable to halt
the longitudinal motion. As we have seen for the dM (and solar case in Chapter
3), the deflection brings the CMEs closer to the ACS, and the amount increases
with decreasing CME mass and velocity. This effect is more visible in the QS CMEs
(bottom panels) where the local gradients are relatively weak as compared to near
the AR.
To quantify the amount of deflection we determine the average distance from
the ACS after the deflection as a function of CME mass, similar to Figure 6.5. The
results for the ALF density model are shown in the top panel of Figure 6.8. The blue
line corresponds to the AR CMEs and the red line corresponds to the QS CMEs.
The dashed lines show the initial distance of the CMEs. As expected the distance
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Fig. 6.7: Deflected positions of CMEs sampling a range of CME mass and speed
for the solar-like star, analogous to Figure 6.3. The left and right panels correspond
respectively to results using the ALF and TER1 background density. The top and
bottom panels show results for two different initial locations.
from the ACS decreases as the CME mass decreases, however we do not see a unique
relation between mass and distance as seen for the dM. The dM has much stronger
forces that push the lowest mass CMEs entirely to the ACS, whereas the weaker solar
forces can only cause motion toward the ACS.
Instead, for the solar case, it is more instructive to look at the deflection toward
the ACS as a function of CME mass. We define the deflection toward the ACS as
the difference between the final distance, ∆ACS, and initial distance from the ACS,
∆ACS,0. The bottom panel of Figure 6.8 shows the deflection toward the ACS for both
initial positions. This quantity is better fit by a single function than the distance -
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Fig. 6.8: Effects of deflection on the distance of the CMEs from the ACS. The top
panel, analogous to Figure 6.5, shows the distance from the ACS, binned by mass
for the two different initial locations. The bottom panel shows deflection toward the
ACS, equivalent to the difference between the final and initial distances. The black
line corresponds to the polynomial-best-fit to both cases.
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the black line shows the polynomial best fit for masses below 5x1015 g.
∆ACS −∆ACS,0 = 1.007 log (MCME)3 − 42.09 log (MCME)2 + 576.4 log (MCME)− 2571
(6.7)
We do not find a significant difference in the best fit polynomial between the ALF
and TER1 results.
6.6 Implications for Exoplanet Impacts
From the ForeCAT CME deflections, we expect the less massive CMEs to deflect
to the ACS for the dM, and all solar and dM CMEs to deflect toward the ACS.
Accordingly CME impacts should occur less frequently for planetary orbits inclined
with respect to the dM ACS. Here we combine the results from ForeCAT with scaling
laws from the literature to estimate the frequency of CME impacts as a function of a
planet’s orbital inclination, i, for both HZ dM planets and HJs orbiting a solar-type
star. In this work we refer to inclination from the plane of the ACS, rather than the
traditional definition with respect to the equator. Alternatively, this is equivalent to
assuming the ACS lies in the equatorial plane.
Khodachenko et al. (2007a) use geometrical arguments to estimate the fre-
quency of CME impacts for a planet with an equatorial orbit if CMEs of angular
width ∆ are isotropically released between latitudes ±Θ. Khodachenko et al. (2007a)
include an additional term, δP , representing the planet’s angular width but find it has
a negligible effect so we do not include it. The probability of impact, P , is calculated
as
P =
∆
2pi
sin(∆/2)
sin(Θ)
(6.8)
which is the product of a longitudinal and a latitudinal probability of the CME
impacting the planet.
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For inclinations less than or equal to Θ, the entirety of the orbit is contained
in ±Θ, and there is no modification to the probability. For inclinations greater than
Θ, we multiply Eq. 6.8 by the fraction of the orbit between ±Θ. This results in a
probability of impact as a function of orbital inclination and CME latitude range.
P (i,Θ) =

∆
2pi
sin(∆/2)
sin(Θ)
i ≤ Θ
∆
2pi
sin(∆/2)
sin(Θ)
(
1− 2
pi
arccos( sin(Θ)
sin(i)
)
)
i > Θ
(6.9)
We expect CMEs to erupt over a wide range of latitudes, but the deflections
will effectively collimate the CMEs into a smaller range of latitudes about the ACS.
Figure 6.9(a) shows Equation 6.9 for different values of i and Θ. ∆ is set to 60◦ as
in Khodachenko et al. (2007a).
Fig. 6.9: Panel (a) shows the probability of CME impact versus orbital inclination
with respect to the CS (Eq. 6.9) for different values of the CME latitude range, Θ.
Panels (b) and (c) show the change in the probability when the effects of deflections
are included for a HZ dM planet and a solar HJ.
Fig. 6.9(a) shows that when i ≤ Θ the probability is uniform as the orbit is
fully contained within ±Θ. If i > Θ the probability decreases as i increases. As Θ
decreases, P (i ≤ Θ) increases and P (i > Θ) decreases.
We use Equations 6.6 and 6.7 to incorporate the effects of deflection and deter-
mine the actual probability of impact. Each CME mass has a different probability
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of planetary impact, and the net probability is the sum of the individual probabil-
ities weighted by the probability, f , of each mass. We use discrete mass bins and
approximate the post-deflection CME range Θ as equivalent to the post-deflection
distance from the ACS, ∆ACS. For the dM, a specific value of ∆ACS is determined
from Equation 6.6.
Ptot =
∑
l
P (i,∆ACS(Ml)) f(Ml) (6.10)
For the HJ we subtract the amount given by Equation 6.7 from the initial CME dis-
tance from the ACS. A minimum distance of 0.5◦, the smallest dM value, is assumed
for the HJ results.
Equation 6.10 requires the probability of a CME having a specific mass. Using
the observed dM flare rates, the relationship between flare energy and CME mass,
and the distribution of CME masses, and the probability of impact versus inclination,
we can estimate the distribution of dM CME masses. For the solar-type CMEs we
assume the solar distribution from Vourlidas et al. (2010).
As discussed in Section 6.3, Audard et al. (2000) estimate approximately five
1032 erg flares per day which corresponds to five 1017 g CMEs per day using the
flare-CME mass relation from Aarnio et al. (2012). Vourlidas et al. (2010) determine
the probability f(M) of a CME having mass, M .
f(M) =
1
σ
√
2pi
exp
(
−
(
ln(M)− µ√
2σ
)2)
(6.11)
Using LASCO observations of 7668 solar CMEs, Vourlidas et al. (2010) determine
an average mass, eµ, of 1.55x1015 g, and a standard deviation, σ, of 1.114. In section
6.3, we estimated an average dM mass of 1.66x1016 g, which we set as our new µ,
causing a shift in Eq. 6.11 toward higher masses. Using this new distribution, we
determine a probability of 0.097 for a CME with mass 1017 g. If there are five 1017
g CMEs, then we expect a total number of CMEs per day, NCME, of 51. This rate
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is about an order of magnitude higher than solar values during solar maximum, but
this does not seem completely unreasonable given the increased activity of dMs. We
emphasize that the majority of these CMEs are low mass CMEs that cannot currently
be indirectly detected on distant stars.
Panel (b) of Figure 6.9 shows the values of Equation 6.10 versus the initial
CME latitude ranges and orbital inclination for the dM. Compared to the probability
without deflection (Figure 6.9(a)), the deflection causes the probability to increase
for small inclinations and decrease for large inclinations. For large initial CME
latitude ranges, the probability roughly doubles for low inclinations, and decreases
by a factor of 5 for high inclinations. While subtle variations exist for different initial
CME latitude ranges, all have a probability of impact near 10% for low inclinations
and 1% for high inclinations. This corresponds to approximately 5 CME impacts
per day for low inclinations and one impact every two days for high inclinations. For
comparison, roughly 10% of solar CMEs are halo CMEs, half of which will propagate
toward Earth as opposed to away from Earth (Webb & Howard, 2012). An average
of 5 CMEs occur per day during solar maximum, which corresponds to an impact
frequency of 0.25 CMEs per day. Planets in an equatorial orbit of an HZ may be
impacted by CMEs 20 times more frequently than the average solar maximum rates
at Earth.
Figure 6.9(c) shows the probabilities for HJs orbiting a solar-type star when the
effects of CME deflections are considered. Comparison with panel (a) shows that
deflections have less of an effect for the HJs than the dM planets. The probability
increases slightly for low orbital inclinations and decreases slightly for high orbital
inclinations. Assuming solar-like CME rates, we expect between 0.05 and 0.5 CME
impacts per day. CMEs are certainly not isotropically released from the Sun, but they
tend to occur below 50◦ (polar crown filament eruptions being a notable exception).
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For an equatorial orbit and an initial latitude range of 50◦, and assuming no changes
between 10R¯ and 1 AU (which we expect to be true), we would determine an
expected CME impact rate of 0.35 CMEs per day during solar maximum. This
agrees well with the number estimated from the fraction of halo CMEs.
6.7 Summary
In this chapter we showed that ForeCAT can be used to simulate the deflection
of extrasolar CMEs. As seen in previous chapters, magnetic deflections move CMEs
closer to the global current sheet, in the extrasolar case the ACS. In the case of
a dM with a strong magnetic background, CMEs with masses below 1017 g show
significant deflections toward the ACS. The lowest mass CMEs are quickly deflected
to the ACS, and remain there as they continue to propagate out radially. For solar-
type stars with weaker magnetic fields, the effect is not as pronounced, but CMEs
with masses below 1016 g still deflect toward the ACS.
Since deflection increases the fraction of CMEs near the ACS, we expect it to
increase the frequency of CME impacts for exoplanets orbiting near the ACS. Using
our knowledge of CME deflections and geometrical arguments for the probability of
CME impacts, we determined the change in impact probability due to CME deflec-
tions. For exoplanets orbiting a dM, the impact probability is highest for low orbital
inclinations. The probability decreases rapidly with increasing orbital inclination,
with over an order of magnitude difference between high and low orbital inclinations.
We found that the same range in impact probabilities occurs for HJs orbiting a solar-
type star. The transition between the maximum and minimum probability, however,
occurs much more smoothly with orbital inclination for the HJs.
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Chapter 7
Conclusions
7.1 Discussion and Conclusions
In Chapter 2 we described the initial form of ForeCAT, in which CME deflec-
tions were simulated using the motion of a CME’s cross-section within a single, static
deflection plane. This approximation allowed for a simplified description of CME de-
flection, which we used to show that magnetic forces could plausibly explain observed
CME deflections. With this simplified model we showed that magnetic forces from
the solar wind background cause CMEs to deflect toward the HCS, as observed CMEs
do. In addition, as with observed CMEs, the magnitude of the simulated deflections
increased with decreasing CME mass and radial speed.
Chapter 2 then presented the improved version of ForeCAT, which no longer
restricts the CME to a deflection plane. Instead the CME is free to move in three-
dimensions. The forces are summed over the full front of a toroidal flux-rope-like
structure. Differences in these forces along the torus cause the simulated CME to
rotate about the axis connecting the CME nose and the center of the Sun. With this
more sophisticated version of ForeCAT we were again able to reproduce the observed
trends in the direction and magnitude of CME deflections.
In Chapter 3 we showed that the magnitude and direction of the deflection is
determined by CME parameters such as mass and velocity. Both global gradients,
determined by the relative orientation of CHs and the HCS, and local gradients,
related to ARs or other small scale structures, can contribute to the total deflection.
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We found that wide, slow, low-mass CMEs in backgrounds with strong magnetic
fields and magnetic gradients (i.e., near solar maximum) tend to deflect the most
and that these deflections typically have a larger longitudinal component as a result
of both local and global magnetic gradients.
Many CMEs do not deflect to the magnetic minimum, the HCS on global scales.
The global magnetic gradients always cause a CME to deflect towards the magnetic
minimum, but the forces are not necessarily sufficiently strong to fully deflect the
CME to the magnetic minimum. Alternatively, the forces may be sufficiently strong
to push the CME beyond the projected HCS. This can occur when local gradients
cause the CME to deflect towards a null point in the low corona where the streamer
region has not yet transitioned into the HCS. When a CME reaches the HCS, the
magnetic forces change direction as the CME attempts to deflect beyond it. If the
CME reaches a magnetic minimum in the low corona the changing forces can halt
the deflection motion and act as a potential well, causing the CME to remain at the
HCS.
During solar minimum (CR 2077), the weak magnetic field and gradients lead
to smaller deflections with small longitudinal components. However, during more
complex backgrounds with stronger magnetic field, such as the declining phase CR
2029, the magnitude of the deflections increases. The higher inclination of the HCS
causes the global magnetic gradients to have larger longitudinal components. Addi-
tionally, declining phase CR 2029 has stronger local gradients that deflect the CME
perpendicular to the PIL of an AR. For CMEs that erupt from the quiet sun, the
local magnetic gradients typically do not contribute significantly to the deflection
so that the direction of the deflection is typically determined solely by the global
gradients.
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At distances where the forces are negligible, angular momentum is conserved
and the deflection is proportional to the inverse of the distance. We suggest that
observed interplanetary CME deflections split into two categories: those which are
deflected primarily in the low corona (and thereafter having a constant angular mo-
mentum), and those which are actively accelerated at interplanetary distances (where
the angular momentum is still changing). Deflections proportional to the inverse of
the distance may result from a constant deflection velocity obtained in the lower
corona, and not require any additional interplanetary deflection. Interplanetary de-
flections exceeding the inverse of the distance, however, would indicate additional
non-magnetic deflection forces or a radial deceleration of the CME. Additionally, we
expect a difference in the direction of the deflection for these two categories. CMEs
deflecting mainly in the low corona can deflect in a wide range of directions based
on the direction of the coronal gradients. CMEs which are actively accelerated by
interplanetary forces will systematically deflect to the east or the west if the CME is
faster or slower than the solar wind (Wang et al., 2004).
This work has only used static magnetic backgrounds that were derived from
synoptic maps. The large-scale similarities between consecutive synoptic maps sug-
gest that the global magnetic field does not vary greatly on the time scales used to
map the solar magnetic field. However, the global magnetic gradients alone do not
determine the deflection, rather we see that local gradients can contribute signifi-
cantly, particularly for slow, low mass CMEs in strong magnetic fields. In addition
to the inherent temporal lag associated with synoptic maps, ARs can evolve on time
scales shorter than the time it takes CMEs to propagate through the low corona so
the local gradients should be accurately represented both spatially and temporally.
CME-driven shocks would also distort the draping of the background magnetic
field around the CME. Shocks are known to change the orientation of the magnetic
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field: fast-mode shocks rotate the magnetic field away from the shock normal, and
slow-mode shocks rotate the magnetic field toward the shock normal. A shock would
cause the background magnetic field to rotate, which would affect how the field then
drapes around the CME. The draping out of the deflection plane would affect not
only the direction of the magnetic tension force, but the magnitude may change as
well if the magnetic field drapes around a region of the CME with different curvature.
In Chapter 4 we showed that ForeCAT sucessfully reproduces the observed tra-
jectory of the 2010 December 12, the 2010 April 08, and the 2012 July 12 CMEs.
Two of the three CMEs show deflections greater than 30◦ , and one CME shows a sig-
nificant rotation. Since ForeCAT is computationally efficient we can easily simulate
hundreds of CMEs sampling a large range of parameter space. For each simulation
we determined the reduced chi-squared, χ2ν . Using the χ
2
ν values we constrained
parameters not determined by the observations, helping illuminate some of the low-
coronal evolution of the CME mass and angular width, as well as properties of the
background magnetic field and drag coefficient.
In Chapter 5 we showed that magnetic deflection forces quickly become neg-
ligible as the CME moves out radially. For most CMEs, beyond 10R¯ both the
deflection and rotation can be well-described by assuming that the CME continues
to propagate with constant angular momentum. CME deflections can continue out
into interplanetary space. If an observed CME deflection occurs at a rate faster than
that corresponding to constant angular momentum, this implies some non-magnetic
force must be accelerating the CME.
Finally in Chapter 6, we applied ForeCAT to two different extra-solar systems.
We first considered the M dwarf V374 Peg. M dwarf CME parameters are highly
speculative so we considered CME masses between 1014 g and 1019 g and final prop-
agation speeds between 300 km s−1 and 10,000 km s−1. We estimated this range
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of parameters to be reasonable based upon observations of solar and stellar flares
and the relation between solar CMEs and flares. The deflection depends strongly on
the CME mass, and, to a much weaker extent, the CME speed. The least massive
CMEs quickly deflect to the Astrospheric Current Sheet (ACS) and propagate out
radially along it. The more massive CMEs also deflect toward the ACS, but do not
necessarily reach it.
We also applied ForeCAT to the deflections of CMEs for solar-like stars at hot
Jupiter distances ( 10R¯). We find the same dependence on mass and speed as seen
for V374 Peg, but the magnitude of the deflections is significantly smaller. While
the CMEs continue to deflect toward the ACS, only the slowest, least massive CMEs
actually reach it by 10R¯.
We determine the average distance between the CME’s deflected position and
the ACS as a function of CME mass. For the dM CMEs we find that the distance
does not depend on the initial position for CME masses below 1017 g. For the solar-
like CMEs the distance does depend on the initial position so we determine the
amount of deflection toward the ACS as a function of CME mass. We combine these
relations between the deflection and the CME mass with geometrical arguments and
an estimation of the dM CME mass distribution to determine the probability and
frequency of CME impacts.
For both HZ dM exoplanets and HJs the probability of impact decreases if the
exoplanet’s orbit is inclined with respect to the ACS. The sensitivity to the inclination
is much greater for the dM exoplanets due to the extreme deflections to the ACS.
For low inclinations we find a probability of impact of 10% whereas the probability
decreases to 1% for high inclinations. From our estimation of 50 CMEs per day,
we expect HZ dM exoplanets to be impacted 0.5 to 5 times per day, 2 to 20 times
the average at Earth during solar maximum. The frequency of CME impacts may
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have significant implications for exoplanet habitability if the impacts compress the
planetary magnetosphere, exposing the atmosphere and leaving the planet vunerable
to atmospheric erosion. For the HJs, the impact probability has a similar range, but
more inclinations have moderate values, near a few percent, as opposed to the clear
division between the two extremes for V374 Peg.
7.2 Future Work
While we have shown that ForeCAT is capable of reproducing observations of
CME deflections, thus far we have relied on simple analytic or empirical models for
the CME expansion and radial propagation. The highest priority is to develop accu-
rate, physics-based models which describe the expansion and radial propagation of
the CME. Ultimately, ForeCAT should be able to be run simply by specifying the
initial CME parameters without providing a known expansion and radial propaga-
tion. In the future we will replace these simple models with physics-driven models
and determine the effects of these models on the CME deflection and the CME ro-
tation. Using the ForeCAT architecture, we will compare various expansion and
propagation models (e.g., Pneuman (1984), Chen (1996), Siscoe et al. (2006)) with
observed CMEs. We will determine how the trends in CME deflection depend on
the initial CME magnetic field strength, which drives the expansion and propagation
models, and compare the ForeCAT results with observed CME deflections. Using
the improved propagation and expansion models we will explore the trends in the ro-
tation and compare with observed rotations. Upon completion of the proposed work,
ForeCAT will be ready for testing and eventual use by the space weather forecast-
ing community to predicting the timing, speed, and plasma characteristics of CMEs
impacting Earth.
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A major advantage for using ForeCAT for space weather predictions is its ability
to run large parameter space studies. This allows us to predict whether a CME could
potentially impact Earth before it even erupts. For any potential CME location we
can quickly perform simulations sampling the plausible range of CME parameters.
This will give us the likelihood of impact based on the deflections, and the range of
expected CME parameters at Earth. We can determine if a CME will impact Earth,
and the speed, density, and magnetic field strength and orientation of the CME upon
impact.
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Appendix A
Description of Deflection Forces in 3D
ForeCAT deflections forces result from the background solar magnetic field,
~BSW , which we assume drapes around the CME. The precise nature of the draping of
the 3D magnetic field lines onto a 2D surface is an area of open research, however, we
must make some approximation to determine the deflection force. We assume that the
components of the background magnetic field in the toroidal and poloidal directions
remain unchanged. As shown in Fig. 2.11 the toroidal direction, tˆ, parallels the long
axis of the torus, and the poloidal direction, pˆ, is perpendicular to tˆ. Here we assume
that the component in the normal direction, nˆ, drapes in the poloidal direction as
CMEs tend to be smaller in that direction relative to the toroidal direction so the
background solar wind will tend to flow in the poloidal direction.
We define the draped solar magnetic field, Bd, at a point on the CME surface
using the toroidal and poloidal coordinate system.
~Bd = (Bp, Bt) = ( ~BSW · pˆ+ ~BSW · nˆ)pˆ+ ( ~BSW · tˆ)tˆ (A.1)
We assume that as the magnetic field drapes around the CME the ratio of the toroidal
to poloidal magnetic field does not change. This describes a geodesic path where the
draped field line has no additional curvature beyond that of the CME surface. We
determine the direction of the draped magnetic field for each grid point so that the
draped magnetic field is only required to follow a geodesic path local to that grid
point.
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The magnetic pressure gradient force, FG is defined as
FG =
∇⊥B2
8pi
(A.2)
where ∇⊥ represents the gradient in the direction perpendicular to ~B. ForeCAT
determines the full gradient ∇B2d of the draped solar magnetic field by determining
the magnetic field at four locations ±0.5◦ in latitude and longitude. We then remove
the component parallel to ~Bd.
FG =
∇B2d
8pi
−
(∇B2d
8pi
· Bˆd
)
Bˆd (A.3)
The magnetic tension force, FT is defined as
FT =
κB2
4pi
(A.4)
which requires the curvature, κ, of the draped solar magnetic field lines, which we
have assumed is equal to the curvature of the CME surface in the direction of the
draping.
We define the torus surface, X, in terms of the toroidal and poloidal angles, θt
and θp and the shape parameters a, b, c, and d.
X(θt, θp) = [(a+ b cos θp) cos θt, b sin θp, (c+ b cos θp) sin θt] (A.5)
The un-normalized tangent vectors in the toroidal and poloidal directions are Xθt
and Xθp , where the subscripts indicate derivatives with respect to that variable. The
direction of the draped magnetic field can then be written as
~vd = BpXθp +BtXθt (A.6)
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where Bp and Bt are the magnitudes of the poloidal and toroidal components of the
draped magnetic field. Using the definition of the curvature of a surface we find that
κ =
eB2p + 2fBpBt + gB
2
t
EB2p + 2FBpBt +GB
2
t
(A.7)
here E, F , and G are coefficients of the first fundamental form, defined as
E = Xθp ·Xθp (A.8)
F = Xθp ·Xθt (A.9)
G = Xθt ·Xθt (A.10)
and e, f , and g are coefficients of the second fundamental form, defined as
e = n ·Xθpθp (A.11)
f = n ·Xθpθt (A.12)
g = n ·Xθtθt (A.13)
here the double subscripts indicate second derivatives.
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Appendix B
Rotation and the Moment of Inertia of an
Elliptical Torus
The torque upon the CME can easily be determined from the differential forces,
however, determining the resulting angular acceleration requires the moment of in-
ertia of the CME. We determine an analytic form of the moment of inertia of an
elliptical torus which we can evaluate from the CME shape at each time step. We
start by defining a Cartesian coordinate system centered at the O in Fig. NEED
REF ONCE AVAIL with the x-axis parallel to the dashed red line indicating a, the
y-axis coming out of the page, and the z-axis parallel to the red dashed line indicat-
ing c. We then convert to a cylindrical coordinate system with the polar component
parallel to the xz plane (r and θ) and the linear axis the same as the y-axis. The
moment of inertial can be rewritten in cylindrical coordinates as
I =
∫ ∫ ∫
ρ`2rdydrdθ (B.1)
but the limits of integration and L must be expressed in terms of the cylindrical
coordinates. The displacement vector, `, can be written as ` =
√
y2 + z2, which can
be rewritten in cylindrical coordinates.
L =
√
y2 + r2 sin2 θ (B.2)
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To determine the limits of integration we require a description of the torus in
the cylindrical coordinates. The surface of the torus can be defined as the points with
a distance equal to the cross-sectional radius, b, from the toroidal axis which runs
through the center of the torus. In this cylindrical coordinate system, the surface of
the torus is defined by
b2 = y2 + (r − re(θ))2 (B.3)
where re(θ) is the radius of the elliptical toroidal axis which depends on the polar
angle θ as well as the semi-major axis and eccentricity, e. Typically the semi-major
axis is parallel to the z-axis (c > a), as shown in Fig. 1, however it can be parallel
to the x-axis instead (a > c), and ForeCAT checks to ensure the appropriate value
is used. The following equation describes the more common configuration with a
semi-major axis c.
re =
c(1− e2)
1 + e cos θ
(B.4)
Rearranging equation B.3 gives the maximum absolute value of y, ymax.
ymax =
√
b2 − (r − re)2 (B.5)
Since the integral is symmetric with respect to y = 0 we can multiply by a factor of
2 and integrate y from zero to ymax.
The remaining limits are more straightforward, we integrate r between re − b
and re + b and θ between zero and pi as we consider a half-torus.
I = 2ρ
∫ pi
0
∫ re+b
re−b
∫ √b2−(r−re)2
0
(r2 sin2 θ + y2)2 r dy dr dθ (B.6)
An outline of the integration is presented below. Note that re is a function of θ but
we use the shorthand notation and substitute in the full expression once we get to
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the θ integral.
I = 2ρ
∫ pi
0
∫ re+b
re−b
√
b2 − (r − re)2r3 sin2 θ + 1
3
(b2 − (r − re)2) 32 r dy dr dθ (B.7)
Equation B.7 can be broken into two integrals which have the solutions∫ re+b
re−b
√
b2 − (r − re)2 r3 dθ = pi
8
reb
2(4r2e + 3b
2) (B.8)
and ∫ re+b
re−b
(b2 − (r − re)2) 32 r3 dθ = 3pi
8
reb
4 (B.9)
which yields
I =
pi
4
ρb2
∫ pi
0
(4r3e sin
2 θ + 3reb
2 sin2 θ + reb
2) dθ (B.10)
and we must now include the full form of re.
I =
pi
4
ρb2
[
4c3(1− e2)3
∫ pi
0
sin2 θ dθ
(1 + e cos θ)3
+ 3b2c(1− e2)
∫ pi
0
sin2 θ dθ
1 + e cos θ
+ b2c(1− e2)
∫ pi
0
dθ
1 + e cos θ
]
(B.11)
These integrals have the analytic solutions∫ pi
0
sin2 θ dθ
(1 + e cos θ)3
=
pi
2(1− e2) 32 (B.12)∫ pi
0
sin2 θ dθ
1 + e cos θ
=
pi(1−√1− e2)
e2
(B.13)∫ pi
0
dθ
(1 + e cos θ)3
=
pi√
1− e2 (B.14)
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which after some manipulation gives us the final analytic form of the moment of
inertia.
I =
ρb2cpi2
4
[
2(1− e2) 32 c2 + 3b2(1− e2)1−
√
1− e2
e2
+ b2
√
1− e2
]
(B.15)
The circular half-torus case (e = 0) requires simpler integrals and can be derived
much easier. Taking the limit of equation B.15 as e tends to zero produces the same
result as the circular derivation.
I =
1
2
ρb2cpi2(c2 +
5
4
b2) (B.16)
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Appendix C
ForeCAT Manual
C.1 Introduction
This appendix describes ForeCAT 2.0, the three-dimensional implementation of
ForeCAT (Kay et al., 2015b). Several portions of the code have been adapted to run
on GPUs so that the CMEs torus can be represented with high grid resolutions and
be handled in a short computational time (tens of minutes for a CME with 15×13
grid propagated to 1 AU). This model calculates the deflection of a CME from the
background solar magnetic forces (both magnetic pressure and magnetic tension).
ForeCAT is an object-oriented code implemented in Python and is intended to be
run from the command line using an input file to specify the necessary CME and
solar/stellar parameters.
C.2 ForeCAT Files
The various pieces of ForeCAT are split between several data files, which here
we describe below. In most practical purposes these files should not be altered. Any
normal ForeCAT use can be handled through modification of an input file (section
C.2.5). In cases of abnormal ForeCAT use, the files should be well documented and
the individual functions should be self-explanatory.
191
C.2.1 ForeCAT.py
This is the main body of ForeCAT and is called in the python command. This
uses the input file name passed in the execution command and initializes the CME
object (section C.3.1), calls separate functions to initialize the files in which the
results are saved and load the pickles (section C.4). The remainder of the file is
simply a loop that proceeds until the CME reaches the distance specified in the
input file. At the end it calls a separate function which closes any open files or
pickles.
C.2.2 CME class.py
This file contains the code that establishes the CME class. The CME class is
described in section (C.3.1). The CME class contains several functions which allow
it to update itself given the background forces acting upon it. The stray non-CME
class function, cart2cart in this file allows conversion between a CME coordinate
system where the nose is along the x-axis and the flux rope extends in ±z and the
Sun centered Cartesian frame.
C.2.3 ForeCAT functions.py
This file contains all of the functions used to determine the magnetic forces act-
ing upon the CME or any parameters related to the solar wind (except for magnetic
field). It also contains the functions which output the results to a text file or as png’s
which can be used to make movies of the deflection.
C.2.4 GPU functions.py
This file contains the functions that run on the GPU several other functions to
set up the GPU and call the GPU functions. The GPU functions handle operations
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that need to be carried out for every CME grid point and do the computation simul-
taneously instead of serially on a CPU. This includes calculating the CME position,
the magnetic field, and the deflection force.
C.2.5 input.txt
This file lets the user specify the initial CME and solar wind parameters. The
lines are as follows:
• Mass - CME mass [g]
• vmax - final CME propagation velocity [ km s−1]
• a - CME torus elliptical shape parameter 1 [R¯] (see section C.3.1)
• b - CME torus cross sectional radius [R¯]
• c - CME torus elliptical shape parameter 2 [R¯]
• d - initial distance to CME ”base” (nose is at d + a + b)
• rmax - radial distance at which the simulation stops [R¯]
• tprint - time interval at which ForeCAT prints to file [mins]
• ilat - initial latitude of the nose of the CME [◦]
• ilon - initial Carrington longitude of the nose of the CME [◦]
• tilt - angle describing the orientation of the CME (0 vertical, 90 horizontal) [◦]
• CR - Carrington rotation number
• Cd - drag coefficient
• makemovie - set to 1 to output pngs (0 is off)
• rotCME - set to 1 to allow for CME rotation due to differential deflection forces
• Ntor - number of grid points in the toroidal direction
• Npol - number of grid points in the poloidal direction
• L0 - initial longitude of observing space craft if using inertial frame [◦] (see
section C.5)
• vmin - inital radial speed of the CME [ km s−1]
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• rga - radial transition from the gradual rise to rapid acceleration phase of radial
propagation [R¯]
• rap - radial transition from rapid acceleration to constant propagation phase
of radial propagation [R¯]
This is the main file that should be modified when running ForeCAT CMEs, although
changing the propagation model from the three-phase propagation or changing the
expansion require slight edits to ForeCAT functions.py or CME class.py, respectively.
C.3 ForeCAT Theory
This section describes the assumptions made when implementing ForeCAT.
C.3.1 CME Description
We describe the CME using a 3D toroidal structure. This certainly describes the
flux rope, if present, within a CME. It is less certain that this is appropriate if the flux
rope has been significantly reconnected, the CME may not retain a toroidal shape.
To numerically describe the shape of the torus we use a Npol x Ntor grid along the
front of the torus, where Npol and Ntor are respectively the number of grid points in
the poloidal and toroidal directions. Figure 2.11 shows the torus configuration (grey
shaded region) and associated grid structure (blue dots) for a 3x5 grid.
The CME description is inspired by the white-light coronagraph ice cream cone
models of CMEs (which actually fit the piled-up material, not the flux rope). We
refer to the “base” of the CME as the plane which would separate the “ice cream”
from the “cone.” We refer to the center of the base the origin, which we mark with an
O in Figure 2.11. The origin is used as the center of a polar coordinate system when
determining the location of the grid points. The CME torus shape is completely
determined through three shape parameters. a is the distance between the origin
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and the center of the torus (dashed black line) in the nose direction, b cross-sectional
radius of the torus, and c is the distance between the origin and the center of the
torus in the direction perpendicular to the nose. All distances are indicated with red
dashed lines in Figure 2.11. If a equals c then the CME is described by a circular
torus otherwise it is an elliptical torus. The parameter d specifies the initial radial
distance to the origin of the CME.
The CME grid has Ntor points in the toroidal direction and Npol points in
the poloidal direction for a total grid consisting of Ntor ∗ Npol points. The spacing
of the points is determined by two angles αT which describes the spacing in the
toroidal direction with respect to the origin, and αP which describes the spacing in the
poloidal direction with respect to the center of a cross section. We set αT=120
◦/(Ntor
- 1) and αP=120
◦/(Ntor - 1) in CME class.py but these values could be changed.
The center grid point is at the nose of the CME so that the grid is symmetric about
the nose of the torus.
We have typically assumed self-similar expansion throughout its propagation,
unless comparing with a specific observed CME for which we have an empirical
description of the expansion. Realistically, the CME should overexpand in the low
corona and this may be accounted for in a future version. We determine the ratios
a/d, b/d, and c/d which then remain constant because of the self-similar assumption.
The distance to the CME base then determines the size of the CME throughout the
simulation. There are a few different expansion models hidden in CME class.py that
were previously used for different specific cases. The expansion can be modified by
changing the expression for the variable ang width.
C.3.2 ForeCAT Forces
Some approximations must be made to obtain an analytic description of both
components of the Lorentz force: magnetic pressure gradients and magnetic ten-
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sion. For both components, we are looking at the forces from the background solar
magnetic field. The magnetic properties of the CME do not enter the calculation.
Magnetic Pressure Gradient
The magnetic pressure gradient force is defined as
F∇P =
∇⊥B2
8pi
(C.1)
where ∇⊥ represents the gradient in the direction perpendicular to ~B. The imple-
mentation of this force is relatively straightfoward. We calculate the full gradient
∇B2 then take the dot product with the unit vector pointing in the B direction. We
then remove the component parallel to ~B.
F∇P =
∇B2
8pi
−
(∇B2
8pi
· Bˆ
)
Bˆ (C.2)
Magnetic Tension
The magnetic tension force is defined as
Fκ =
κB2
4pi
(C.3)
which requires making assumptions to determine the curvature, κ, of the background
solar magnetic field lines. First, we assume that the magnetic field lines drape around
the CME so that the curvature equals the curvature of the CME. The curvature is
determined by the shape of the torus and the direction of the solar magnetic field.
The normal, nˆ, poloidal, pˆ, and toroidal, tˆ, directions can be determined at each point
on the flux rope surface and the background solar magnetic field can be converted
to this coordinate system. The precise nature of the draping of the 3D magnetic
field lines onto a 2D surface is an area of open research, however, we must make
some approximation to determine the magnetic tension force. We assume that the
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components of the background magnetic field in the toroidal and poloidal directions
( ~BSW · tˆ and ~BSW · pˆ) remain unchanged and that the component in the normal
direction ( ~BSW ·nˆ) drapes in the poloidal direction as CMEs tend to be smaller in that
direction relative to the toroidal direction so the background solar wind will tend to
flow in the poloidal direction. We acknowledge that this is an extreme simplification
of a complicated process, but it allows for determination of the magnetic tension
force.
The poloidal and toroidal directions define a 2D coordinate system on the flux
rope surface. From the previous assumptions, we can define the draped solar mag-
netic field, Bd in this coordinate system.
~Bd = ( ~BSW · pˆ+ ~BSW · nˆ)pˆ+ ( ~BSW · tˆ)tˆ (C.4)
We assume that the draped magnetic field follows a geodesic path on the flux rope
surface. The total curvature then equals the normal curvature, which is determined
by the shape of the flux rope surface and the direction of ~Bd. Defining the unit vector
Bˆd = bppˆ+ bttˆ, the normal curvature is then
κn =
eb2p + 2fbpbt + gb
2
t
Eb2p + 2Fbpbt +Gb
2
t
(C.5)
where E, F , and G are coefficients of the first fundamental form and e, f , and g are
coefficients of the second fundamental form, which are determined by the flux rope
shape. The magnetic tension points in the normal direction.
Fκ = −κnB
2
SW
4pi
nˆ (C.6)
C.3.3 CME Motion
We calculate the magnetic deflection forces at each grid point. We then sum
up the total deflection force from both forces and all points. We then remove the
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radial component of the deflection force as we only wish to simulate the non-radial
deflection motion and use a separate model for the radial propagation. We also
include a drag force which restricts the CMEs motion against the background solar
wind. See section C.4.2 for a description of the background solar wind model.
Drag
The drag force is calculated for the full CME using the form
fD
`
= −CdbρSW (~vCME,nr − ~vSW,nr)|~vCME,nr − ~vSW,nr| (C.7)
where Cd is the drag coefficient, b is the cross-sectional radius of the CME, and
vCME,nr and vSW,nr are respectively the non-radial velocities of the CME and solar
wind. Given the CME volume, pib2`, we determine the volumetric force.
FD = −2Cd tanh βρSW
pib
(~vCME,nr − ~vSW,nr)|~vCME,nr − ~vSW,nr| (C.8)
The value of the drag coefficient is unknown but values near unity are typically used.
A constant drag coefficient results in CME velocities in the low corona that do not
match observations but the observations can be reproduced by setting with a drag
coefficient having the profile of tanh β, where β is the plasma beta. We set the
drag coefficient to be equal to Cd tanh β where Cd is a constant near unity. We the
following form for β versus distance
β(R) = 2.515(R− 1)1.382 (C.9)
where R has units of solar radii. This expression is determined from coronal values
and rapidly increases for large values of R. However, since we take the hyperbolic
tangent of β the drag coefficient is equivalent to one above 10 R¯ so it does not
effect ForeCAT results.
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Determining Acceleration
The deflection forces, ~F , are volumetric forces that describe the acceleration, ~a,
of a single point within a fluid with density ρ.
~F = ρ~a (C.10)
This equation must be integrated over the full CME volume to determine the accel-
eration of the CME mass, MCME. With discretized grid points, the integral over the
CME volume can be expressed as a sum of the volumetric forces multiplied by the
corresponding volume element, ∆V .∫
~FdV ≈
∑
~F∆V =MCME ~a (C.11)
This requires summing the forces over the full volume of the CME. ForeCAT only
determines the forces on the front surface of the CME so instead, we determine the
average volumetric force from the surface forces. We then determine the acceleration
using Eq. C.10 with the average CME density. Our drag force does not vary with
location so that the average volumetric drag force is described by Eq. C.8 and the
non-radial CME acceleration is
~a =
1
ρCME
(
1
N
N∑
(~FG + ~FT ) + ~FD
)
(C.12)
whereN is the number of grid points. Eq. C.12 combined with the radial propagation
model, determines the motion of the CME.
Updating the CME
The new position of the CME nose is calculated as
~x(t+∆t) = ~x(t) + (~vnr(t) + ~vprop(t))∆t+ 0.5~a(t)∆t
2 (C.13)
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where t and t + ∆t refer to the current and following time step and ~vnr is the non-
radial velocity representing the combined effects of deflection and drag. We tend to
use a time step of 0.1 minutes as this was found to be the minimum time necessary
to achieve convergence of the model output, although smaller values were needed for
M dwarf CMEs due to the larger forces. We calculate the new center position and
remaining grid points using the calculated nose position and CME size.
We assume that ~vnr remains in the non-radial direction. As the CME de-
flects, the non-radial direction changes and ~vnr changes accordingly. As the CME
propagates out radially, angular momentum should be conserved in the absence
of any deflection forces. ForeCAT determines the CME’s angular momentum,
L = MCMEvnrR, which remains constant between consecutive time steps before
the effects of the deflection forces are included. Setting L(t+∆t) = L(t) yields
vnr(t+∆t) = vnr(t)
R(t)
R(t+∆t)
. (C.14)
The full change in vnr includes the acceleration term from the deflection forces.
~vnr(t+∆t) = ~vnr(t)
R(t)
R(t+∆t)
+ ~a(t)∆t (C.15)
When neither drag nor deflection forces can noticeably influence the CME’s
motion, it will continue to deflect through interplanetary space with constant angular
momentum, L. Equation C.15 shows that the deflection velocity, vnr decreases as
1/R when angular momentum is conserved. This velocity can be converted to an
angular velocity ω = vnr/R. Expressing the angular velocity in terms of the time
derivative of an angular position, θ, we find
ω =
dθ
dt
= vnr,0
R0
R2
(C.16)
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where vnr,0 is the deflection velocity at the time the angular momentum stops
changing, which occurs at some radial distance, R0. The time derivative can be
converted into a radial derivative using the CME’s radial velocity, vCME, if we assume
constant radial propagation.
dR = vCMEdt (C.17)
This yields
dθ
dR
=
vnr,0
vCME
R0
R2
(C.18)
which integrates to
θ(R) = θ0 +
vnr,0
vCME
(
1
R0
− 1
R
) (C.19)
where θ0 is the angular position at R0. Both the latitudinal and longitudinal motion
should behave as Eq. C.19 when angular momentum is conserved.
C.3.4 CME Rotation
In a similar way to forces causing deflection through a linear acceleration, a
torque, τ , causes rotation via an angular acceleration, α, which changes the angular
momentum, L. The torque is defined as the cross product of the lever arm, r, and
the force, F .
τ = r × F = Iα = dL
dt
(C.20)
Since we calculate the deflection force at multiple locations along the toroidal axis,
we can determine the torque on the CME torus that will cause the CME to rotate
about the axis pointing from the center of the Sun through the normal direction at
the nose of the CME. This causes a change in the tilt of the CME. At each time
step, we determine the change in the angular momentum of the CME based on the
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torques. The rotation rate, ω is then determined using the moment of inertia.
ω(t+∆t) =
L(t) + τ(t) ∗∆t
I(t)
(C.21)
Since we conserve angular momentum, the rotation rate can change due to either a
torque, or a change in the moment of inertia. As the CME expands the moment of
inertia increases and the torque becomes negligible as the magnetic forces decay with
distance. This causes the CME rotation to cease at large distances.
C.4 Background Models
C.4.1 Magnetic Field
The background magnetic field is calculated separately from ForeCAT and saved
in a pickle (Python binary save file). The pickles are saved with half degree resolution
in latitude and longitude and 0.1 Rs resolution in radial distance. Due to the high
resolution requiring a decent amount of memory, we split the pickle into two with
CR#a.pkl (# is the 4 digit CR number) corresponding to the range 1.0 to 1.75 Rs
and CR#b.pkl corresponding to 1.75 to 2.5 Rs for most solar cases. The pickles
correspond to arrays which are indexed as B[R, lat, lon, Bidx] where Bidx indicates
the desired index corresponding to [Bx, By, Bz, B]. The range can be adjusted for
different pickles by changing rss in GPU functions.py. It is still assume that the
distance is split evenly between the two pickles.
Magnetic field values are determined using the pickle structure and interpolation
techniques. We use a process combining spherical linear interpolation (slerp) and
linear interpolation to determine B. We first slerp in longitude to determine B values
corresponding to the input longitude, but at grid latitudes and radial distances. We
then slerp two pairs of these points in latitude so that we have one pair at the
correct latitude and longitude which we then use for linear interpolation in the radial
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direction. The interpolation functions have been written for generic grid spacing and
are also used for angular distance calculations needed for the solar wind density.
The magnetic field pickles are generated using a separate program, makedat-
apickle.py, which uses an implementation of the PFSS model which makes use of a
GPU for faster computation. The PFSS model assumes purely radial magnetic field
beyond the source surface (2.5 Rs for standard solar cases), which is why we set this
distance as the outer boundary of the pickles. We save an additional pickle CR#c.pkl
which contains the magnetic field at the source surface. Once the ForeCAT CME
crosses the source surface we no longer need to perform a linear interpolation, we
simply convert the slerped values using a R−2 dependence.
The rate at which the magnetic field falls can be modified. At the bottom the
GPU function getB there are two lines that scale the magnetic field up by a factor
of R or R2 below the source surface. These can be uncommented and the “return
Bout;” line commented out. Note that these models technically violate ∇ · B = 0,
but can be used to show how things would vary with a different magnetic field.
C.4.2 Solar Wind Velocity and Density
The solar wind density is (currently) calculated using the Guhathakurta et al.
(2006) density model. This model depends on the angular distance from the Helio-
spheric Current Sheet (HCS) to determine the relative contributions of radial density
profiles for coronal holes and streamer regions. We calculate the distances separately
with pickle functions.py which was written to work with the output of makedat-
apickle.py. This file contains programs which calculate the latitude of the minimum
magnetic field for each longitude at the source surface. We then use a direction
search algorithm to calculate the minimum distances from this line for all latitudes
and longitudes (with 1◦ resolution).
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The angular distance from the HCS divided by the width of the streamer region
determines the relative contributions of the two radial polynomials. We use the
results of an MHD simulation to describe how this width changes with distance. We
assume a width of 26.2◦ above 2.5 Rs but use a polynomial fit below this distance
which produces wider streamer regions close to the Sun. This width likely varies with
solar cycle as well as position but ForeCAT results only depend on the solar wind
density for the drag force so the deflection results do not depend on it significantly.
We calculate the solar wind velocity (again only used for the drag force) using
the Guhathakurta density and an assumption of constant mass flux. We use two
different mass fluxes, analogous to the different radial profiles of Guhathakurta, and
use the angular distance from the HCS to determine the relative contributions. We
also assume that the solar wind outflow is entirely radial. This is clearly a simplifi-
cation but as only the drag force depends on the the solar wind velocity, it again has
little effect on the deflection results.
As with many components of ForeCAT, the solar wind models are quite modular,
and can be easily replaced by more sophisticated models without interferring with
the rest of the code.
C.5 Running ForeCAT
ForeCAT is easily execute by typing
python ForeCAT3D.py input.txt
into the command line. If it is set to output movies it will produce a series of
png files of the form input000.png. If ImageMagick is installed these can be quickly
converted to a movie via
convert -quality 100 -delay 30 input*.png movie.mpg
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where the time between frames can be changed by the number following -delay.
ForeCAT will return a file input.dat which contains the simulation results. Each line
contains the time, the R, latitude and longitude for the CME origin, the shape pa-
rameters a, b, and c, the xyz components of the radial, deflection, and drag velocities,
and the CME tilt (which can change if including rotation).
As ForeCAT has been adapted to work for more situations, it has increased the
number of things in the actual code that need to be changed for each simulation.
This is a quick list of things to double check are set correctly for the simulation you
wish to run in order to avoid much confusion and mental anguish. If you aren’t
changing them then it is less of a concern, but at least check once after checking the
code out (no guarantee what they were set to before I last pushed it).
• Magnetic field model in getB in ForeCAT functions.py - If you change it to a
scaled version remember to change it back.
• Various constants - Since ForeCAT can be used for nonsolar stars it needs
the constants changed in a few places. Check the values of rsun and rss in
GPU functions.py, rsun and rotrate in ForeCAT functions.py, and rsun in
CME class.py.
• Propagation model - This one is the most likely to be frequently modified,
although the newest version of the code has these as input parameters so this
is typically no longer an issue. Check that the vmin, rga, and rap are set to
the values you want in ForeCAT functions.py.
• Solar wind density - Probably not changed that much but make sure it’s set to
solar (calc sw in ForeCAT functions.py)
• CME expansion - Again not modified that frequently but make sure it’s on
self-similar (ang width = self.ang width in update CME in CME class.py)
unless you want to use some other form
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C.5.1 The L0 Parameter
ForeCAT can be run in either an inertial frame of a spacecraft or the effects of
solar rotation can be included in the output. If L0 is set to an actual longitude value
this will specify the initial Carrington longitude of the observing spacecraft. A nice
trick is to set L0 to the initial longitude of the CME so that the returned longitude
is then equal to the change in longitude. Alternatively, if you are comparing with a
specific spacecraft observation of a CME you can shift the longitude to match the
longitude in the observed frame (space craft tend to take the center of the solar disk
as longitude 0).
The other frame might be a little confusing, and probably isn’t useful in very
many situations. Since the Sun rotates, the CME will naturally change Carrington
longitude, even if the CME isn’t moving. Since the solar background is defined in
terms of Carrington longitude this change in longitude needs to be incorporated into
the CME’s position so it samples the correct background position. Setting L0 to -9999
(a generic large negative placeholder value) returns the CME position with respect to
the rotating Carrington longitude coordinate system. In this case a stationary CME
will appear to slowly deflect westward. When L0 equals a real longitude the change
in longitude due to solar rotation is subtracted from the returned CME position so
a radially propagating CME does not change longitude. The solar rotation rate is
reasonably slow but with faster rotating stars this non inertial frame may help clarify
things.
C.6 List of Functions
Here is an alphabetical list of functions used in ForeCAT and a brief description
of their purposes. The label in the parenthesis indicates the location of each function.
CC is CME class.py, FF is ForeCAT functions.py, and GF is GPU functions.py. **
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indicates a GPU function, which runs simultaneously for each grid point. These are
written in CUDA, which is essentially C, but definitely not Python.
• init (CC) - This is required to initiate the CME class. It defines the
structure of the class.
• calc Bs (GF) - This was used to debug the GPU functions at one point. It
returns something from the GPU, typically the magnetic field but could be any
variable, so that it can be printed to the terminal. Not certain if it is currently
working but nothing calls it at the moment.
• calc defforces (FF) Calculates the magnetic tension and magnetic pressure
force at one of the CME grid points.
• calc dist (FF) Functions similarly to calcB but interpolates the predeter-
mined angular distances.
• calc drag (FF) Calculates the drag force on the full CME (not individual grid
points).
• calc forces (CC) Remnant of an old version, calls calc drag then the new
version in GPU functions.py. item calc forces (GF) - Calls the GPU function
that calculates the deflection forces and copies the results back to the CPU.
Also determines if the pickle on the GPU needs to be updated based on the
CME distance.
• calc forces GPU (GF**) - Calculates the magnetic pressure gradients and
magnetic tension forces at a grid point.
• calc points (CC) Calls the GPU function that calculates the Cartesian and
spherical position of the CME grid points. Also determines the radial unit
vector for the CME. item calc pos (GF) - Copies the current shape and cen-
ter position onto the GPU then call the GPU function that determines the
individual grid point positions.
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• calc pos GPU (GF**) - Calculates the position of a CME grid points
• calc rho (CC) - Calculates the density of the CME given the shape parameters
and mass.
• calc torque (CC) - Determines the torque on the CME from the deflection
forces and produces the corresponding rotation.
• calc vr (FF) Calculates the radial velocity of the CME using the three phase
propagation model.
• calc SW (FF) Calculates the solar wind density using the Guhathakurta density
model. It also assumes constant mass flux and uses the density (and distance)
to calculate the solar wind velocity.
• calcB (GF) - Take an input spherical position and uses methods similar to
trislerp and linterp to determine the magnetic field strength.
• cart2cart (CC) - Converts from Cartesian frame with CME along x-axis to
standard Cartesian frame.
• CART2SPH (FF) Converts Cartesian coordinates to spherical coordinates (output
[R, lat, lon] in Rs and degrees)
• close files (FF) - Closes the open data file.
• get center acc (CC) - Converts the forces (deflection force at individual points
and drag for full CME) into a single acceleration vector. Triggers calc torque
if rotation is included.
• getB (FF**) - Determine the magnetic field strength for a position using linear
and spherical interpolation.
• init files (FF) Opens a file for saving the data and writes the initial values.
If makemove is set to 1 it also calls initCMEplot to setup the plot then takes
the first picture.
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• init GPU (GF) - Initializes the GPU by allotting the memory for specific arrays
and copies the magnetic field data onto the GPU.
• initCMEplot (CC) Sets up the plotting. Calculates a grid of points that rep-
resent the Sun in the images.
• initdefpickle (FF) - Loads the pickle for the distances as global variables.
This needs to be called once for any other function using the pickles to work.
• linterp (FF) - Standard linear interpolation between two grid points. Values
at grid points must be specified as well as the spacing.
• print status (FF) - Prints the current CME parameters to file and takes a
picture (when needed).
• read in params (FF) - Reads in the parameters from input.txt and sets as
global variables. Also establishes some parameters specific to other ForeCAT
functions.
• rotx, roty,rotz (FF, GF**) - Rotates a 3D vector by a certain number of
degrees about an axis
• SPH2CART (FF) - Converts spherical coordinates (input [R, lat, lon] in Rs and
degrees) to Cartesian (output Rs)
• take selfie (CC) - Take a picture of the CME from an appropriate angle.
• trislerp (FF) - Slerps from four grid points to get the interpolated value at
a given latitude and longitude. It does two slerps in longitude then a final
slerp in latitude. The values at the four surrounding grid points are specified
as inputs (q values) as well as the spacing between points.
• update CME (CC) - Takes the acceleration from get center acc and uses this
and the CME velocities (both radial and deflection) to move the CME base. It
updates the velocities accordingly and calls calc points to determine the new
CME grid.
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C.7 Getting Started with ForeCAT
To get ForeCAT to run the correct Python libraries must be installed and the
GPU must be set up. ForeCAT was developed on Python version 2.6.6 with NumPy
1.8.0 and MatPlotLib 1.2.1 and pyCUDA 2013.1.1, and possibly pickle. Newer ver-
sions may work fine (although not Python 3) but none of this has been tested. To run
pyCUDA, CUDA must be installed (I have release 5.0, V0.2.1221) and the standard
GPU driver must be replaced with a developer driver. Note, not all GPUs can run
CUDA programming but newer NVIDIA GPUs should be fine. It is possible to learn
how to install all of the above from the internet, but from experience I know it can
be confusing, and tends to vary with operating systems, or even different versions of
Linux.
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